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Abstract: 


The  AFOSR  Optoelectronics  Research  Center  maintains  a  broadly  based  program  at  the  forefront 
of  optoelectronics  with  efforts  in  linear  and  nonlinear  materials,  device  processing,  device  de¬ 
sign,  and  in  device  integration.  Examples  of  materials  and  structures  are  quantum  dots,  superlat¬ 
tices,  digital  alloys,  and  strained-layer  semiconductors,  and  new  nonlinear  materials.  Processing 
developments  relate  to  smaller  dimensions  and  improved  techniques  for  the  selective  deposition, 
modification  and  removal  of  materials.  Improved  devices,  based  both  on  semiconductors  and  on 
fibers,  also  result  from  increased  understanding  of  the  underlying  device  and  material  physics 
and  from  innovative  approaches  to  device  design  and  synthesis. 
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I.  Introduction 

The  Optoelectronics  Research  Center  (OERC)  at  the  University  of  New  Mexico  that  was  begun 
in  FY87  under  the  auspices  of  the  Air  Force  Office  of  Scientific  Research,  has  functioned  in 
conjunction  with  the  Center  for  High  Technology  Materials  (CHTM),  which  is  being  supported 
by  the  State  and  University  of  New  Mexico,  and  with  the  Optoelectronic  Materials  Center, 
which  is  funded  by  DARPA.  CHTM  is  an  interdisciplinary  research  organization  with  faculty 
and  research  representation  from  three  departments:  Electrical  Engineering,  Physics,  and  Chem¬ 
istry.  Since  its  inception,  the  AFOSR  OERC  has  become  a  leading  university  optoelectronics 
program  with  substantial  impact  on  the  development  of  the  field. 

The  goal  of  the  AFOSR  OERC  is  to  continue  to  be  at  the  forefront  of  advances  in  optoelectron¬ 
ics.  The  coupling  and  increasing  merger  of  optics  and  electronics  has  already  had  important  con¬ 
sequences,  but  the  major  advances  which  will  occur  over  the  next  decade  will  dwarf  those  seen 
to  date.  These  will  result  from  advances  in  linear  and  nonlinear  materials,  device  processing,  de¬ 
vice  design,  and  in  device  integration.  Examples  of  materials  and  structures  are  quantum  dots, 
superlattices,  digital  alloys,  and  strained-layer  semiconductors,  and  new  nonlinear  materials. 
Processing  developments  relate  to  smaller  dimensions  and  improved  techniques  for  the  selective 
deposition,  modification  and  removal  of  materials.  Improved  devices  also  result  from  increased 
understanding  of  the  underlying  device  and  material  physics  and  from  innovative  approaches  to 
device  design  and  synthesis. 

Major  accomplishments  are  highlighted  in  the  next  section.  Section  II  includes  more  detailed  de¬ 
scriptions.  Finally  the  appendix  containing  reprints  of  publications  and  conference  presentations 
provides  much  more  in-depth  reporting  of  our  results. 

Major  accomplishments  include: 

A.  Quantum  Dot  and  Antimonide  Based  Diode  Lasers 

•  2-jum  wavelength  AlGaAsSb/GalnAsSb  multiple  quantum  well  lasers  withl40K  characteris¬ 
tic  temperature. 

•  1.25 -pm  quantum  dot  lasers  with  ultra-low  linewidth  enhancement  factor  (0.1)  and  threshold 
current  density  (16  A/cm2). 

•  Studies  of  the  dependence  of  bandedge  emission  and  electron-hole  overlap  in  type  III 
GaSb/InAs  heterojunctions. 


B.  Vertical  Cavity  Surface  Emitting  Lasers  (VCSELs)  and  Subsystem  Applications 

•  Developed  a  new  and  reliable  technique  for  achieving  quasi-planar  oxide-confined  microcav¬ 
ity  lasers  with  micron-sized  apertures  and  submilliampere  threshold  currents. 

•  Achieved  high-performance  microcavity  VCSELs  with  different  active  area  geometries  and  a 
higher  packing  density  using  the  etched-trench  oxidation  technology. 

•  Achieved  high  speed  oxide-confined  VCSELs  with  low  paras itics  and  a  maximum  modulation 
bandwidth  of  up  to  16  GHz. 

•  Achieved  efficient  (>32%),  low-power  dissipation  (0.2  mW  at  threshold)  cryogenic  VCSELs 
optimized  for  low  temperature  operation  (6K  to  200  K)  using  an  oxide-confined  design  with 
double  intracavity  contacts,  with  low  operating  voltage  (<1.5V),  submilliampere  threshold  cur¬ 
rent  (~  0.15  mA)  and  high  slope  efficiency  (70  %). 
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•  Achieved  long-wavelength  semiconductor  lasers  emitting  in  the  1.1  |im  wavelength  region) 
using  multiple  InGaAsN/GaAs  quantum  wells  grown  on  a  GaAs  substrate  by  MOCVD.  Effi¬ 
cient  cw  lasing  was  achieved  at  temperatures  up  to  60°C,  with  high  power  (>25  mW  per  facet) 
and  high  slope  efficiency  (25%  per  facet)  at  room  temperature,  and  a  large  characteristic  tem¬ 
perature  (125  K). 

•  Efficient,  continuous-wave  lasing  operation  of  narrow-stripe,  oxide-confined,  long-wavelength 
InAs  quantum  dot  lasers  in  the  ground  state  (k  »  1.28  pm)  has  been  achieved  at  temperatures 
up  to  100  °C,  with  a  very  low  threshold  current  density  (Jft  =  24  A/cm2)  and  high  differential 
quantum  efficiency  (55%). 

C.  Mid-IR  Fiber  Laser  and  Advanced  Fiber  Optic  Devices 

•  Demonstrated  an  efficient  and  novel  depopulation  mechanisms  for  the  lower  laser  level  via 
cross-relaxation  (#1)  of  Er  ions  at  high  doping  densities  and  energy  transfer  to  co-doped  Pr 
ions. 

•  Reported  the  first  observation  of  passive  Q-switching  (7  ps  pulsewidth,  35  kHz  repetition 
rate)  of  a  mid-IR  Er-ZBLAN  fiber  laser 

•  Passive  Q-switching  was  achieved  by  using  a  liquid  gallium  mirror  as  a  saturable  absorber. 

•  Demonstrated  electro-optic  tuning  of  a  FBG  fabricated  in  a  thermally -poled  fiber.  40  pm  of 
tuning  was  achieved,  corresponding  to  an  electro-optic  coefficient  of  0.25  pm/V. 

•  First  demonstration  of  an  2x2  all-fiber  electroooptic  switch. 

D.  Nanoheteroepitaxy 

•  Invented  Nanoheteroepitaxy  for  the  elimination  of  defects  in  highly  mismatched  heter¬ 
ostructures 

•  Developed  original  theory  of  Nanoheteroepitaxy 

•  Demonstrated  experimentally  many  of  the  predictions  of  Nanoheteroepitaxy  for  GaN  on  Si 
heterostructures. 

II.  Detail  Description  of  Technical  Results 

A.  Antimodide  Based  Diode  Lasers 

The  effect  of  doping  on  wave-function  overlap  and  band-edge  energy  in  type  III  InAs/GaSb 
structures  has  been  analyzed  in  this  project  within  the  grant.  By  varying  the  dopant  concentra¬ 
tion  in  type  III  InAs/GaSb  quantum  wells,  an  order  of  magnitude  increase  in  electron-hole  wave 
function  overlap  and  a  significant  band  edge  shift  are  demonstrated  using  a  self-consistent 
Schrodinger-Poisson  solver.  InAs/GaSb  type  III  quantum  well  structures  are  of  current  interest 
as  active  regions  for  mid-IR  semiconductor  lasers  because  of  their  relative  simplicity  in  crystal 
growth  compared  to  quantum  cascade,  “W”,  or  type-II  interband  cascade  lasers.  InAs/GaSb  type 
TTT  structures,  however,  rely  on  spatially-indirect  overlap  of  electron  and  hole  wave  functions, 
which  can  be  weak  in  non-optimized  designs.  Unintentionally-doped  InAs/GaSb  heterojunctions 
provide  little  band  bending  leaving  the  holes  in  the  GaSb  far  away  from  the  InAs/GaSb  interface. 
In  this  case,  a  modest  overlap  can  only  be  achieved  by  growing  very  thin  layers  of  InAs,  provid¬ 
ing  substantial  gain  only  for  near-IR  wavelengths.  By  intentionally  doping  an  InAs/GaSb  struc¬ 
ture,  band-bending  can  be  substantially  increased  and  the  holes  brought  closer  to  the  interface 
providing  a  substantial  increase  in  the  wave  function  overlap  between  the  electrons  and  heavy 
holes.  The  large  overlap  of  valence  subbands  makes  intervalence  band  absorption  a  concern  in 


these  structures,  but  these  resonances  occur  mostly  in  the  far-IR.  This  makes  the  InAs/GaSb 
system  a  good  candidate  for  mid-IR  applications. 
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Fig.  1.  The  calculated  wave-function  overlap  for  InAs/GaSb  multiple 
quantum  well  structures  with  different  InAs  well  thicknesses  for  undoped 
and  intentionally  doped  cases. 

The  baseline  structure  to  be  modeled  consists  of  a  narrow  InAs  well  sandwiched  between  GaSb 
layers  grown  on  a  GaSb  substrate.  Using  a  self-consistent  Schrodinger-Poisson  solver.  Fig.  1 
shows  the  inner  product  (overlap)  of  the  electron  state  in  the  InAs  well  with  the  first  heavy  hole 
subbands  in  the  GaSb  layers  as  a  function  of  InAs  well  width.  The  undoped  case,  for  which 
GaSb  is  usually  unintentionally  p-type  and  the  InAs  n-type,  shows  a  very  small  overlap.  The 
unintentional  doping  concentrations  are  1017  cm'3.  The  doped  example  has  an  order  of  magnitude 
larger  overlap  even  at  very  long  wavelengths.  In  this  instance,  both  the  InAs  and  GaSb  are  n- 
type  with  a  concentration  of  1017  cm'3.  The  asymptotic  overlap  for  both  cases  is  shown  by  the 
dashed  lines,  and  several  emission  wavelengths  are  tagged.  With  the  significant  increase  in 
overlap,  a  substantial  decrease  in  the  lasing  threshold  is  expected  for  all  wavelengths. 


Fig.  2.  FTIR  absorption  spectra  measured  at  300K  for  undoped 
and  n-type  doped  InAs/GaSb  superlattices 


5 


To  monitor  the  shift  in  band  edge  with  doping,  three  test  structures  were  grown  by  molecular 
beam  epitaxy  on  GaSb  substrates  with  a  20  period  superlattice  composed  of  24A  of  InAs  and 
400A  of  GaSb.  Two  of  the  samples  were  doped  n-type  with  tellurium  to  a  concentration  of  1017 
cm 3  and  1018  cm'3,  and  the  third  wafer  was  left  undoped.  Room  temperature  FTIR  data  was  taken 
from  the  samples  and  is  plotted  in  Fig.  2  along  with  the  calculated  band  edge.  A  clear  shift  in  the 
band  edge  is  evident,  and  the  theoretical  and  experimental  data  agree  reasonably  well.  The  abil¬ 
ity  to  tailor  the  wavelength  by  shifting  the  heavy  hole  energies  with  doping  is  of  particular  im¬ 
portance  for  this  system  because  then  the  strained  InAs  well  thickness  can  be  optimized  to  avoid 
relaxation  and  doping  can  be  used  to  tailor  the  operating  wavelength. 

In  conclusion,  it  has  been  shown  that  doping  has  a  profound  effect  on  the  overlap  and  band  edge 
energy  in  type  III  InAs/GaSb  quantum  wells.  Auger  recombination  should  not  be  substantially 
increased  in  these  structures  because  the  doping  is  necessary  only  in  the  immediate  vicinity  of 
the  heterojunction. 


B.  Extremely  Low  Room-Temperature  Threshold  Current  Density  Diode  Lasers  Using 
InAs  Dots  in  an  In  ,5Ga  g5As  Quantum  Well 

It  has  been  predicted  that  the  threshold  current  density  of  quantum  dot  lasers  should  be  lower 
than  that  of  quantum  well  lasers  due  to  the  reduction  of  density  of  states.1  In  particular,  efforts 
have  been  made  in  the  past  few  years  to  reduce  the  threshold  current  density  of  quantum  dot  la¬ 
sers  on  GaAs  substrates.2,3  A  recently  developed  approach  is  to  put  the  InAs  dots  in  a  strained 
In02Ga08As  quantum  well.1"'4  This  “dot  in  a  well”  (DWELL)  design  not  only  improves  carrier 
capture  by  the  dots,  but  also  increases  the  density  of  quantum  dots  (to  7xl010  cm'2)  over  growth 
on  GaAs  directly.  Consequently,  ground  state  lasing  from  a  single  layer  of  dots  is  possible  at 
reasonable  cavity  lengths.  While  competition  with  radiative  quantum  well  transitions  was  sug¬ 
gested  as  a  concern,5  quantum  well  transitions  were  not  observed  in  previous  work1"  or  in  this 
study.  In  this  letter,  further  improvements  have  been  made  by  putting  a  single  layer  of  InAs 
quantum  dots  into  a  strained  In0 15Ga085As  quantum  well.  An  extremely  low  threshold  current 
density  of  26  A  cm2  has  been  achieved  for  a  7.8  mm  cavity  length,  cleaved  facet  laser.  Other 
operating  characteristics  of  these  DWELL  lasers  are  described  below. 

Device  Structures  and  Growth 

The  laser  structure  was  grown  by  solid-source  molecular  beam  epitaxy  (MBE)  on  a  (100)  n+- 
GaAs  substrate.  The  laser  structure  was  the  same  as  reported  in  Ref. ,u  except  that  In^5Ga85As 
was  used  as  the  quantum  well.  The  epitaxial  structure  consists  of  an  n-type  (1018  cm' )  300  nm 
thick  GaAs  buffer,  a  2  pm  n-type  (1017cm3)  lower  Al07Ga03As  cladding  layer,  a  230  nm  thick 
GaAs  waveguide  surrounding  the  laser  active  region,  a  2  pm  p-type  (1017cm'3)  upper  cladding 
layer,  and  a  p+-doped  (3xl019  cm'3)  60  nm  thick  GaAs  cap.  This  cavity  was  a  low-loss  design 
following  Ref. 6.  In  the  center  of  the  waveguide,  an  equivalent  coverage  of  2.4  monolayers  of 
InAs  results  in  quantum  dots  grown  approximately  in  the  middle  of  the  100  A  In15Ga85As  quan¬ 
tum  well.  The  quantum  dots  and  quantum  well  were  grown  at  510  °C,  and  all  other  layers  were 
grown  at  610  °C,  as  measured  by  an  optical  pyrometer. 

Room  temperature  photoluminescence  (PL)  result  is  shown  in  Fig. 3.  The  PL  linewidth  is  37 
meV  and  has  been  reduced  compared  with  Ref. ui.  No  emission  from  the  quantum  well  is  ob- 


served,  providing  clear  proof  of  minimal  competition  from  quantum  well  radiative  transitions. 
This  implies  that  the  relaxation  time  from  the  quantum  well  to  the  quantum  dots  is  much  faster 
than  the  spontaneous  lifetime  of  the  quantum  well. 
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Results 

Broad  area  lasers  with  100  pm  stripe  widths  were  fabricated  from  this  structure.  The  wafer  was 
then  cleaved  into  7.8  mm  long  laser  bars.  All  devices  were  tested  with  the  epi-side  up  on  a  ther¬ 
moelectric  cooler  using  pulsed  excitation.  The  pulse  width  was  300  ns  with  a  duty  cycle  of 
0.5%.  The  temperature  of  the  thermoelectric  cooler  was  set  to  be  20  °C.  The  single  facet  output 
L-I  curve  from  a  typical  bar  is  shown  in  Fig.4.  The  lasing  threshold  current  is  200  mA,  which 
corresponds  to  a  threshold  current  density  of  26  A  cm'2.  The  external  quantum  efficiency  is  31%. 
The  lowest  previously  reported  threshold  current  densities  for  quantum  wells  lasers  were  around 
50  A  cm'2.7'*  The  near-threshold  lasing  spectrum  at  three  different  injection  current  levels,  0.90 1^ 
(180mA),  0.95  1^  (190mA)  and  1^  (200mA)  was  measured  by  an  optical  spectrum  analyzer 
(OS A)  and  is  shown  in  Fig.  5.  The  lasing  wavelength  is  1.25  pm.  Clear  spectral  narrowing  can 
be  observed  at  0.95 1,,,  (190mA).  A  much  broader  spectrum  was  also  taken  at  five  times  the 
threshold  current  and  is  shown  in  Fig.  6.  No  emission  from  the  quantum  well  layer  is  observed, 
again  suggesting  the  lack  of  radiative  competition  from  the  quantum  well  and  the  rapid  capture 
of  carriers  by  the  dots  from  the  well.  The  dependence  of  the  threshold  current  on  temperature 
was  also  measured  and  is  shown  in  Fig.  7.  The  characteristic  temperature,  T0,  is  60  K  between 
10  °C  and  50  °C,  and  decreases  significantly  to  34.5  K  between  50  °C  and  80  °C.  Carrier  heating 
out  of  the  quantum  well  may  be  one  reason  the  T0  value  of  this  laser  is  smaller  than  predicted  T0 
values  for  quantum  dot  lasers.1 

Conclusion 

We  have  demonstrated  an  extremely  low  threshold  current  density  DWELL  laser  with  a  single 
layer  of  InAs  quantum  dots  in  an  In  15Ga85As  quantum  well.  This  is  the  first  time  that  the  thresh¬ 
old  current  density  performance  of  quantum  dot  lasers  surpasses  that  of  quantum  well  lasers. 
Experimental  evidence  suggests  that  the  relaxation  time  from  the  quantum  well  to  the  quantum 
dots  is  much  shorter  than  the  spontaneous  lifetime  of  the  quantum  well.  The  T0  value  for  these 
DWELL  lasers  is  60  K  between  10  °C  and  50  °C. 
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Wavelength  (nm) 

Fig.  3:  Photoluminescence  spectrum  of  the  laser  wafer.  No  emission  from  the  quantum 
well  is  observed.  The  FWHM  is  37  meV. 


Fig.  4:  Single  facet  output  L-I  curve  of  a  7.8  mm  cavity  length  laser.  The  threshold  cur¬ 
rent  density  is  26  A  cm'2.  The  external  efficiency  is  3 1%. 
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Fig.  7:  The  threshold  current  and  T0  as  a  function  of  temperature  for  the  7.8  mm  cavity 
length  device. 


C.  High  Performance  Surface-Emitting  Lasers  and  Integrated  VCSEL  Arrays 

For  the  monolithic  integration  of  large  VCSEL  arrays,  power  dissipation  is  a  critical  limiting  fac¬ 
tor  for  dense  array  operation,  and  individual  VCSELs  must  have  a  very  low  current  density.  In 
order  to  reduce  the  power  dissipation,  we  need  to  reduce  the  lasing  threshold  to  a  submilliampere, 
almost  threshold-less  level.  This  requires  a  combination  of  more  effective  current  confinement,  a 
smaller  lasing  volume,  and  better  mode  control  through  index  guiding.  Novel  VCSEL  structures 
have  been  investigated  to  achieve  these  objectives.  The  achievement  of  VCSEL  arrays  with  low 
power  dissipation  is  described  below. 

Efficient,  Low-Power-Dissipation  VCSELs: 

Planarity  is  desirable  for  the  monolithic  integration  of  VCSELs,  and  low  power  dissipation  is 
required  for  dense  arrays.  To  minimize  power  dissipation,  oxide-confined  VCSELs  with  small 
active  areas  and  low  operating  currents  have  been  developed.  In  conventional  (non-planar)  oxide- 
confined  VCSELs,  the  active  area  is  defined  by  the  lateral  wet  oxidation  of  the  high  aluminum 
content  layers  from  the  periphery  of  an  etched  mesa,  with  a  typical  oxidation  length  that  is  ~  10-20 
pm.  Minimizing  the  thermal  and  electrical  resistances  dictate  a  large  mesa  size,  which  requires  a 
longer  oxidation  time  and  greater  uncertainty  in  the  final  aperture  size.  The  oxidation  time  and 
uncertainty  can  be  reduced  without  sacrificing  planarity  or  increasing  the  mesa  size  by  using  a 
novel  technique  that  uses  local  oxidation  centers  from  which  multiple  oxidation  fronts  can  proceed 
to  define  an  active  aperture. 

We  have  developed  a  quasi-planar  technology  that  facilitates  the  monolithic  integration  of  oxide- 
confined  VCSELs  with  very  small  active  area  apertures,  in  which  a  continuous  oxidation  front  of 
arbitrary  geometry  is  defined  by  concatenating  the  oxidation  fronts  emanating  from  a  number  of 
crescent-shaped  trenches.  This  approach  preserves  planarity  while  providing  improved  dimen¬ 
sional  control  and  increased  accuracy  in  the  production  of  devices  with  very  small  oxide  aper- 
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tures  (2-4  pm).  The  electrical  and  lasing  characteristics  of  oxide-confined  VCSELs  fabricated 
using  the  quasi-planar  etched-trench  (ET)  technique  are  in  many  ways  comparable  to  those  of 
conventional  etched  mesa  (EM)  VCSELs.  However  the  dc  lasing  characteristics  of  the  ET 
VCSEL  arrays  show  greater  uniformity  and  superior  dimension  control  for  devices  as  small  as  2 
pm.  They  also  have  higher  output  power  and  reduced  thermal  roll-over.  Another  advantage  of 
the  new  ET  VCSELs  is  the  preservation  of  planarity  without  increasing  device  parasitics.  The 
optical  modulation  response  shows  a  -3dB  bandwidth  of  more  than  12  GHz  at  10x1^.  A  maxi¬ 
mum  modulation  bandwidth  of  up  to  16  GHz  has  been  observed. 

Efficient  VCSEL  Arrays  with  Very  Low  Threshold  and  Low  Power  Dissipation  for  Cryo¬ 
genic  Applications 

VCSELs  operating  at  cryogenic  temperatures  offer  the  promise  of  superior  lasing  performance  as 
a  result  of  a  higher  differential  gain  coefficient,  a  higher  quantum  efficiency,  lower  losses,  and 
lower  noise,  resulting  in  a  higher  modulation  bandwidth,  lower  power  dissipation,  and  a  higher 
power  conversion  efficiency.  High  efficiency  and  low  power  dissipation  make  cryo-VCSELs 
particularly  appealing  for  use  as  a  non-invasive,  power-efficient  optical  means  for  transferring 
high-speed  image  data  from  infrared  sensor  arrays  housed  in  a  cryogenic  environment  to  external 
electronic  signal  processors  that  may  be  situated  locally  or  at  some  distance  away.  An  optical 
link  can  provide  both  electrical  and  thermal  isolation,  as  well  as  a  larger  bandwidth  and  a  longer 
link  span  between  the  imaging  array  and  the  external  processing  electronics. 

An  efficient  cryogenic  link  requires  VCSELs  with  low  operating  currents  and  voltages  that  are 
compatible  with  on-board  cryogenic  CMOS  drive  circuits  (<  2  mA  and  3.3  V,  respectively).  The 
efficient  cw  lasing  operation  of  InGaAs/GaAs  VCSELs  with  low  threshold  voltage  and  low 
power  dissipation  has  been  achieved  over  a  wide  range  of  cryogenic  temperatures  (77K  to  250K) 
using  an  oxide-confinement  design  that  employed  double  intracavity  contacts  and  undoped 
DBRs,  along  with  proper  alignment  of  the  cavity  mode  and  the  gain  peak  at  low  temperatures. 
Low  operating  voltages  were  obtained  by  routing  current  through  two  intra-cavity  contacts  to 
bypass  both  distributed  Bragg  reflector  (DBR)  mirrors,  while  lower  optical  losses  were  achieved 
by  using  undoped  DBR  mirrors  with  abrupt  heterointerfaces.  This  resulted  in  devices  with  a  low 
operating  voltage  (<1.5V),  submilliampere  threshold  current  (I,,,  ~  0.15  mA)  and  low  current  den¬ 
sity  (Ja  =  600  A/cm2),  high  slope  efficiency  (70  %),  low  power  dissipation  ((0.2  mW  at  threshold, 
0.81  mW  for  Pout  =  0.2  mW)  and  a  high  power  conversion  efficiency  (r)eff=  31%). 


D.  Mid-IR  Fiber  Laser  and  Advanced  Fiber  Optic  Devices 
Mid-IR  Fiber  Laser 

Goal:  Research  and  development  of  diode-pumped  compact,  high-power  CW  and  pulsed,  tun¬ 
able  mid-IR  fiber  lasers. 

Background;  The  2.7  pm  transition  in  Er-ZBLAN  is  particularly  attractive  for  the  design  of 
compact,  high-power  mid-IR  fiber  lasers  of  excellent  beam  quality  as  needed  for  applications 
ranging  from  laser  surgery  to  countermeasures  and  spectroscopic  monitoring.  The  problem  with 
the  2.7  pm  laser  transition  in  Er  (Fig.  8a)  is  the  fact  that  the  natural  lifetime  of  the  lower  laser 
level  (9.4  ms)  is  longer  than  that  of  the  upper  laser  level  (7.5  ms),  leading  to  a  population  bottle¬ 
neck  that  inhibits  efficient  steady-state  (CW)  lasing  in  EnZBLAN  fiber  lasers. 
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Er  ion  #1  Erion#2 

Fig.  8(a):  Energy  level  diagram  of  Er 
showing  dominant  cross-relaxation 


Fig.  8(b):  Dominant  energy  transfer  pathways  between  laser  lev¬ 
els  in  Er  and  resonantly-matched  energy  levels  in  Pr. 


Diode-pumped  high-power  CW  mid-IR  fiber  lasers  using  cross-relaxation  and  energy 
transfer  processes: 
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We  have  proposed  and  demonstrated  an  efficient  and  novel  depopulation  mechanisms  for  the 
lower  laser  level  via  cross-relaxation  (#1)  of  Er  ions  at  high  doping  densities  (Fig.  8a)  and  energy 
transfer  to  co-doped  Pr  ions  (Fig.  8b). 

Ion  clustering  at  high  doping  densities: 

The  cross-relaxation  process  in  Er  shown  in  Fig.  8a  was  believed  to  be  significant  only  at  con¬ 
centrations  of  >150,000  ppm  in  bulk  glasses.  Such  concentrations  however  lead  to  high  intrinsic 
losses  in  fibers.  On  the  other  hand,  our  studies  show  significant  percentage  of  ions  in  clusters 
even  at  concentrations  of  10,000  ppm  in  fibers,  thereby  facilitating  the  cross-relaxation  process 
to  depopulate  the  lower  laser  level  of  the  2.7  pm  transition  in  Er. 

Key  Accomplishments: 

We  performed  a  precise  quantification  of  the  percentage  of  ion  clusters  in  Er-ZBLAN  fibers  via 
measurement  of  non-saturable  optical  absorption  and  fitting  of  the  data  to  a  simple  theoretical 
model  for  ions  in  clusters  (Fig.  9). 


Fig.  9:  Plot  of  the  measured  and  calculated  values  of  the  absorption  at  972  nm  radia¬ 
tion  as  a  function  of  launched  power  in  two  fibers  corresponding  to  significantly  dif- 

We  have  demonstrated  the  presence  of  51%  ions  in  clusters  for  fibers  with  an  average  doping 
density  of  10,000  ppm,  whereas  a  similar  fiber  with  an  average  doping  density  of  1,000  ppm 
shows  negligible  effects  of  clustering. 

Single  transverse  mode  diode  pumping  at  980  nm  : 

Key  Accomplishments: 

We  have  demonstrated  a  relatively  efficient  power-scalable  2.7  pm  10,000  ppm  Er-ZBLAN  fiber 
laser  pumped  by  readily  available  1W  980  nm  laser  diodes. 

The  12  mW  CW  power  levels  and  6.7%  slope  efficiency  reported  are  significantly  higher  than 
those  reported  previously  for  any  diode-pumped  mid-IR  fiber  laser. 

The  linearity  of  the  output  power  even  at  high  pump  powers  used  indicates  that  this  laser  can  be 
further  optimized  to  yield  much  higher  output  powers. 
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Diode  array  pumping  at  795  nm: 

Key  Accomplishments: 

We  have  utilized  the  enhanced  inter-ion  cross-relaxation  in  20,000  ppm  double  clad  Er-ZBLAN 
fibers  for  the  realization  of  high-power  (400  mW)  diode-pumped  2.7  pm  mid-IR  lasers. 

The  fiber  laser  was  demonstrated  with  a  slope  efficiency  of  12%  with  respect  to  the  absorbed 
power  and  a  threshold  of  250  mW. 

Diode-pumped  high-power  CW  mid-IR  fiber  lasers  using  cross-relaxation  and  energy 
transfer  processes: 

Key  Accomplishments: 

We  have  utilized  energy  transfer  to  Pr  ions  along  with  enhanced  inter-ion  cross-relaxation  to  de¬ 
populate  the  lower  laser  level  more  efficiently. 

We  have  demonstrated  a  high  power  (660  mW)  CW  operation  of  a  diode-pumped  20,000 
ppm/5,000  ppm  Er/Pr:ZBLAN  2.7  pm  fiber  laser  with  a  slope  efficiency  of  13%  with  respect  to 
the  absorbed  power  (Fig.  10).  The  linearity  of  the  plot  clearly  indicates  scalability  to  multi-Watt 
power  levels  using  high  pump  powers  or  more  efficient  pump  coupling  and  pump  absorption 
techniques. 
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Fie.  10:  CW  2.7  urn  output  power  vs.  absorbed  791  nm  pump  power 


Passive  Q-switching  of  mid-IR  fiber  laser: 

Compact  mid-IR  pulsed  laser  sources  with  emission  wavelengths  in  the  vicinity  of  3  pm  mid-IR 
water  absorption  peak  are  needed  for  a  number  of  medical  applications. 


Key  Accomplishments: 
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We  recently  reported  the  first  observation  of  passive  Q-switching  (7  ps  pulsewidth,  35  kHz 
repetition  rate)  of  a  mid-IR  Er-ZBLAN  fiber  laser  (Fig.  ll).Passive  Q-switching  was  achieved 
by  using  a  liquid  gallium  mirror  as  a  saturable  absorber9 


Fig.  11:  Pulsed  operation  of  a  passively  Q-switched  EnZBLAN  2.8  pm  fiber  laser 

Wavelength  tunable  mid-IR  fiber  laser: 

Tunable  operation  of  a  diode-pumped  mid-IR  Er-ZBLAN  fiber  laser  in  the  vicinity  of  2.8  pm  is 
needed  for  high  sensitivity  spectroscopic  detection  of  important  trace  gases  such  as  HF,  NO, 
water  vapor. 

Key  Accomplishments: 

We  recently  reported  tunable  operation  of  a  diode-pumped  mid  IR  Er-doped  ZBLAN  fiber  laser 
using  a  bulk  grating  in  the  Littrow  configuration. 

The  output  wavelengths  were  tunable  from  2.7 1  pm  -  2.83  pm  with  powers  varying  from  1  mW 
-  30  mW  (Fig.  12).  The  tendency  of  the  laser  to  shift  to  longer  wavelengths  at  higher  pump 
powers  is  presumably  due  to  re-absorption  effects  and  saturation  of  the  lower  energy  levels  of 
the  4I13/2  manifold. 


Fig.  12:  Tuning  curves  for  diode  pumped  EnZBLAN  fiber  laser  at  two  different  790  nm 

2.  Advanced  Fiber  Optic  Devices: 

Goal:  Research  and  development  of  manufacturable,  high-performance  all-fiber  modulators  and 
all-fiber  tunable  filters  for  reconfigurable  fiber  interconnects  and  “smart”  fiber  networks. 
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Thermally  stable  fiber  Bragg  gratings  (FBGs): 

Goal:  To  improve  the  thermal  stability  of  FBGs. 

Background:  The  focus  of  our  work  is  to  improve  the  stability  of  “fixed  FBGs”  (to  be  used  sub¬ 
sequently  as  tunable  filters).  In  particular,  we  studied  several  key  issues  regarding  the  thermal 
stability  of  FBGs,  as  elaborated  below.  The  thermal  stability  of  FBGs  is  an  important  issue  for 
the  fabrication  of  electro-optically  tunable  FBGs  since  the  as-fabricated  FBGs  are  subjected  to 
temperatures  of  ~300°C  during  the  thermal  poling  process  (used  to  make  such  FBGs  electro- 
optically  tunable). 

The  high-contrast  UV  interference  patterns  used  to  fabricate  FBGs  are  believed  to  create  an  in¬ 
dex  modulation  in  the  fiber  via  a  light-induced  distribution  of  defects.  The  defects  are  distrib¬ 
uted  in  shallow  trap  sites  (low  activation  energy,  Ea)  and  deep  trap  sites  (higher  Ea).  Upon  an¬ 
nealing  at  elevated  temperatures,  the  lower  Ea  trap  sites  and  the  corresponding  index  components 
vanish,  leaving  behind  only  <20%  of  the  original  index  modulation.  If  the  fiber  is  illuminated  by 
supplementary  uniform  UV  radiation,  shallow  defects  are  also  formed  in  the  nulls  of  the  interfer¬ 
ence  pattern,  reducing  the  amount  of  subsequent  redistribution  from  the  peaks  of  the  interference 
pattern,  resulting  in  a  more  stable  “permanent”  refractive  index  modulation.  Such  a  stabilization 
technique  has  been  demonstrated  by  Salik  et  al10  for  weak  (An~10  5)  Bragg  gratings  fabricated  in 
non-hydrogen-loaded  fibers. 

Key  Accomplishments: 

We  have  demonstrated  a  technique  (similar  to  Salik  et  al)  for  fabricating  thermally-stable  strong 
(>10 3)  FBGs  in  hydrogen-loaded  fibers  by  using  a  phase  mask  that  transmitted  ~20%  of  the  zero 
order.  Fig.  13  shows  the  superior  stability  of  an  FBG  fabricated  by  the  above-described  method 
when  compared  to  an  FBG  fabricated  in  a  similar  fiber11  using  a  holographic  method  (in  which 
the  zero  order  transmission  was  suppressed).  The  higher  mean  activation  energy,  Ea=2.9  eV,  for 
trap  sites  in  our  work  relative  to  the  Ea=1.6  eV  inferred  for  trap  sites  in  Patrick  et  al.  (Fig.  14)  is 
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Fig.  13:  Results  of  annealing  studies  illustrating  the  superior  stability 
of  FBGs  fabricated  using  our  technique  when  compared  to  the  high- 

further  confirmation  of  the  superiority  of  our  FBG  fabrication  technique  in  hydrogen-loaded  fi¬ 
bers.  We  also  observe  that  the  defects  responsible  for  the  FBG  fabricated  in  5%  Ge02-doped  fi¬ 
ber  have  higher  mean  activation  energy  (Fig.  15,  3.2  eV  vs.  2.4  eV  for  higher  Ge02  cone.).  Such 
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an  observation  indicates  that  the  FBGs  fabricated  in  fibers  with  relatively  low  Ge02  concentra¬ 
tion  exhibit  superior  thermal  stability. 


Fig.  14:  Plot  of  the  estimated  defect  distri-  Fig.  15:  Distribution  of  defect  activation  ener- 
butions  (obtained  using  the  model  of  Erdo-  gies  for  FBGs  fabricated  under  similar  condi- 
gan  et  al.  as  a  function  of  the  activation  en-  tions  in  fibers  with  three  different  Ge02  con- 
ergy,  Ea,  for  our  data  as  well  as  that  of  Pat-  centrations. 

rick  et  al11 

Electrically  -tunable  fiber  Bragg  gratings: 

Goal:  To  fabricate  Bragg  gratings  at  1550  nm  in  D-shaped  fibers,  to  pole  the  fiber  Bragg  grat¬ 
ing,  and  to  demonstrate  tunability  of  10  GHz  (80  pm)  using  voltages  of  the  order  of  100  V. 


Key  Accomplishments: 

We  have  demonstrated  electro-optic  tuning  of  a  FBG  fabricated  in  a  thermally-poled  fiber.  40 
pm  of  tuning  was  achieved,  corresponding  to  an  electro-optic  coefficient  of  0.25  pm/V. 


Fig.  16:  Reflection  spectra  of  FBG  showing  asymmetric  shifts  of  10  pm  and  3  pm  re¬ 
spectively  for  5  kV  applied  voltage  using  positive  and  negative  polarities 


To  eliminate  the  possibility  of  the  observed  tuning  due  to  thermal  or  piezo-electric  effects,  we 
observed  the  tuning  of  FBG  as  a  function  of  reversed  polarities  (Fig.  16).  The  tuning  in  opposite 
directions  corresponding  to  the  reversed  polarities  confirms  the  electro-optic  tuning  mechanism. 
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2x2  All-Fiber  Electrooptic  Switch 

Recently,  we  demonstrated  an  all-fiber  switch  employing  a  poled  electrooptic  fiber  segment.  A 
Mach-Zehnder  interferometer  with  a  poled  electrooptic  fiber  segment  in  one  arm  is  formed  using 
commercial  2x2  fiber  directional  couplers.  In  the  preliminary  experiments  reported  there,  the 
poled  segment  was  fabricated  independently,  in  Andrew  Corp.  D-fiber,  then  butt-coupled  to 
pigtails,  resulting  in  an  undesirable  5  dB  loss  that  we  compensated  with  a  following  fiber  ampli¬ 
fier.  The  switch  speed  was  around  2  MHz  with  2  kV  switching  voltage. 

Here,  we  report  an  improved  result  with  further  iterations  in  the  fabrication  process.  As  illus¬ 
trated  in  Figure  17,  a  Mach-Zehnder  interferometer  is  formed  using  commercial  2x2  fiber  direc¬ 
tional  couplers.  Two  mechanical  con¬ 
trollers,  one  in  the  reference  arm,  one 
in  the  input  port,  were  used  to  adjust 
the  polarization  state.  A  cw  YAG  la¬ 
ser  at  1.06  pm  provided  the  optical 
source. 


An  RF  metal  strip  line,  defined  using 
standard  lithography  techniques,  was 
deposited  atop  a  6-cm  long  D-side  of 
the  fiber  for  high  voltage  poling  and 
high  speed  modulation.  After  the 
metal  line  was  deposited  on  the  fiber, 
the  fiber  was  affixed,  D-side  down,  to  a  silicon  wafer  using  a  thin  layer  of  polyimide.  Additional 
layers  of  polyimide  were  spun  on  and  cured  until  the  fiber  was  totally  surrounded  by  polyimide. 
The  total  fiber  thickness  was  then  polished  down  to  20  pm.  Finally,  the  fiber  was  inverted  and 
remounted  on  a  silica  glass  plate  with  a  blanket  deposited  metal  film  and  layers  of  polyimide 
were  spun  on  and  cured.  The  fiber  was  poled  by  applying  a  high  voltage  (3  kV)  between  the  top 
microstrip  line  electrode  and  the  bottom  metal-film  ground  electrode  with  the  fiber  heated  to 
250°C.  After  a  ten  minute  poling  time,  the  fiber  was  allowed  to  cool  with  the  voltage  applied. 
Additional  segments  of  Andrew  e  fiber  were  subsequently  butt-coupled  to  either  end.  These  were 
spliced  to  Flexcore  1060  segments,  to  match  the  3dB  couplers  forming  the  interferometer. 

Figure  18  shows  the  switching  voltage  to  be  1.4  kV.  The  measured  extinction  is  ~15  dB,  this  low 
extinction  ratio  may  be  caused  from  poor  balance  of  light  intensity  in  the  two  arms.  Figure  19 
shows  an  expanded  view  of  the  rise  time,  the  optical  signal  risetime  of  30  ns  (solid  line)  is  indis¬ 
tinguishable  from  the  rise  time  of  the  applied  voltage  (dotted  line).  The  measured  total  capaci¬ 
tance  C  is  16  pF,  including  the  capacitance  between  the  metal  RF  strip  line  and  ground  electrode 
and  the  capacitance  between  connection  pads.  The  electrical  resistance  R  of  the  RF  strip  line  is 
150  Q,  giving  an  RC  rise  time  of  5.3  ns,  consistent  with  the  measurement.  The  measurement  puts 
a  lower  bound  of  150  MHz  on  the  bandwidth  of  the  poled  fiber  switch. 


Polarization 

rotators 

Fig.  17:  Experimental  arrangement  for  all-fiber 
switch. 
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Fig.  18:  Detected  signal  and  applied  voltage  pulse. 
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Fig.  19:  Expanded  view  of  rise  times  of  both 
signals.  The  switch  turn  on  time  is  limited 
by  the  applied  voltage  pulse. 


E.  Nanoheteroepitaxy:  A  Revolutionary  Approach  to  Lattice-Mismatched  Heterostructure 
Growth 

During  this  program  we  have  developed  the  theory  and  practice  of  a  new  technology  for  the 
elimination  of  mismatch  defects  in  lattice-mismatched  hetero structures.  We  call  this  approach 
Nanoheteroepitaxy  (NHE).12  NHE  combines  three-dimensional  stress  relief  mechanisms,  that  are 
uniquely  available  in  nanoscale  (<100  nm)  islands,  with  strain  partitioning  between  the  epitaxial 
layer  and  the  substrate,  to  achieve  a  dramatic  reduction  in  the  stored  strain  energy  and  associated 
defect  density. 


Fig:20:  A  generic  nanoheteroepitaxy  sample  showing  partitioning  of  mismatch  strain 
between  the  epilayer  and  substrate.  The  exponential  decay  of  strain  away  from  the  het¬ 
erointerface  results  from  3-D  stress  relief  mechanisms  that  are  unique  to  NHE. 


In  the  generic  NHE  approach  (Fig.  20),  a  single  crystal  substrate  is  patterned  into  nanoscale  is¬ 
lands  separated  by  a  selective  growth  mask.  Selective  epitaxy  nucleates  the  epilayer  only  on  top 
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of  the  islands.  As  the  layer  grows  it  is  able  to  deform  in  3D  because  it  is  so  small13,  and  the  mis¬ 
match  stress  decays  exponentially  on  either  side  of  the  heterointerface.  Once  the  epilayer  thick¬ 
ness  exceeds  the  stress  decay  length,  it  is  no  longer  strained  and  further  growth  does  not  increase 
the  stored  strain  energy.  The  creation  of  mismatch  defects,  e.g.,  dislocations  or  stacking  faults, 
requires  a  minimum  strain  energy.  In  the  NHE  approach  this  strain  energy  is  dramatically  re¬ 
duced  and  for  many  highly  mismatched  materials  it  remains  too  low  to  form  mismatch  defects. 

Once  the  epilayer  thickness  exceeds  the  effective  stress  range,  the  epitaxial  growth  conditions  are 
modified  to  promote  lateral  growth  and  coalescence  as  shown  at  the  top  of  Fig.20.  As  the  effec¬ 
tive  range  of  strain  is  very  small  in  NHE  samples  (typically  <  50  nm)  this  coalescence  can  be 
accomplished  when  the  epilayer  is  typically  ~  100-nm  thick,  where  it  is  still  compliant.  Thus  in 
NHE,  we  anticipate  that  coalescence  can  also  be  achieved  without  defect  formation.  Coalescence 
in  NHE  is  very  different  than  in  the  recently  developed  lateral  epitaxial  overgrowth  tech¬ 
niques.14'15  In  the  latter,  coalescence  occurs  for  layers  that  are  already  several-pm  thick  and  gen¬ 
erally  results  in  a  highly  defected  region.  XTEM  investigation  of  the  coalescence  of  OMVPE- 
grown,  GaN  on  SOI,  NHE  islands  (see  Fig.  21)  supports  our  expectation  and  indicates  that  the 
coalescence  boundary  has  the  potential  to  be  defect  free. 

NHE  is  a  generic  approach  applicable  to  a  wide  range  of  important  semiconductor  materials  in¬ 
cluding:  AlGalnAs/Si;  AlGalnN/Si;  GalnAsSb/Si;  and  SiGe/Si.  In  each  case  the  large  lattice 
mismatch  between  the  constituent  materials  has  previously  placed  severe  limits  either  on  the 
thickness  of  films  or  on  the  minimum  achievable  defect  concentration.  Our  NHE  theory”1  pre¬ 
dicts  that  these  limitations  can  be  relaxed  significantly,  if  not  eliminated,  using  the  NHE  ap¬ 
proach. 


Initial  Results  for  NHE  GaN/Si 

NHE  is  itself  enabled  by  CHTM’s  advanced  interferometric  lithography  capability  for  nanoscale 
patterning  and  the  availability  of  this  unique  capability  has  allowed  us  to  experimentally  test  the 
NHE  theory  for  the  extremely  mismatched  combination  of  GaN  on  Si  (20  %  lattice  mismatch.). 
We  have  used  our  established  capability  in  GaN  OMVPE  growth16 17  and  developed  a  novel  sam¬ 
ple  structure  specifically  for  GaN  on  Si  (fig  2.) 


Coalescence 


GaN 


SOI 


Figure  21:  Schematic  representation  of  NHE  <1 1 1>  SOI  substrate  (left)  and 
GaN  film  growth  stages  showing  island  nucleation  and  coalescence. 
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The  SIMOX  SOI  wafers  were  patterned  using  interferometric  lithography  and  reactive  ion  etch¬ 
ing  to  form  a  2-dimensional  array  of  <1 1 1>  silicon  islands  on  top  of  a  field  of  Si02.  The  height 
of  the  islands  is  40  nm  and  diameters  in  the  range  20  to  300-nm  are  being  investigated.  The  ar¬ 
ray  period  of  present  NHE  samples  is  360  or  900  nm.  GaN  is  selectively  nucleated  on  the  silicon 
islands  using  a  three  step  sequence  consisting  of;  an  in-situ  cleaning  at  a  temperature  of  878°C 
for  5  min.  in  hydrogen,  a  low  temperature  (543°C)  nucleating  layer  deposition  and,  finally,  main 
epilayer  growth  at  high  temperature  (1031°C).  This  yields  a  GaN  island  thickness  of  approxi¬ 
mately  100  nm  prior  to  coalescence.  The  exposed  Si02  layer  in  the  SOI  serves  as  a  convenient 
mask  for  the  selective  nucleation  of  GaN. 


(a)  (b) 

Fig.  22:  a)  Individual  GaN/Si  nanoisland.  b)  Coalescence  of  two  GaN  islands 


Figure  22a  shows  GaN  growth  on  a  70-nm  diameter  Si  island.  A  defected  region  is  observed 
near  the  heterointerface.  Beyond  this  region,  the  decaying  strain  field  (as  predicted  by  NHE  the¬ 
ory)  is  clearly  observed.  The  inset  in  Fig.  22a  is  an  electron  diffraction  micrograph  taken  at  the 
heterointerface  and  showing  the  epitaxial  alignment  of  the  <1 1 1>  Si  and  <0001>  GaN  directions. 
Figure  22b  shows  the  coalescence  region  between  two  GaN  on  Si  islands.  The  GaN  in  this  re¬ 
gion  contains  localized  defects,  possibly  nanopipes,  but  these  defects  do  not  propagate  in  the 
growth  direction.  Thus  it  appears  that  in  the  case  of  a  highly  mismatched  system  such  as  GaN/Si 
(20%  mismatch)  the  mismatch  defects  remain  localized  at  the  heterointerface. 
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Fig.  23:  High  resolution  TEM  reveals  defects  are  located  close  to  the  heteroin¬ 
terface  (left).  The  top  surface  of  the  GaN  (right)  is  undefected. 

Figure  23  shows  high-resolution  XTEM  micrographs  of  a  GaN  nanoisland  grown  on  a  300-nm 
diameter  Si  island.  The  defects  formed  at  the  interface  (left)  are  in-plane,  stacking-fault  type  de¬ 
fects  indicating  that  defect  formation  in  the  NHE  sample  is  also  very  different  to  defect  forma¬ 
tion  in  the  normal  planar  sample.  It  is  often  the  case  that  the  closest  free  surface  plays  an  integral 
role  in  the  formation  of  crystalline  defects.  In  the  NHE  sample  the  closest  surface  is  generally 
the  edge  of  the  nanoisland  (rather  than  the  epilayer  surface)  and  this  might  well  be  a  cause  of  the 
unusual  orientation  and  nature  of  the  defect  structures  seen  in  our  NHE  GaN/Si  samples.  These 
defects  should  be  contrasted  with  those  formed  during  conventional  planar  growth  of  GaN  on 
sapphire  or  on  silicon,  where  the  mismatch  defects  are  frequently  edge  type  dislocations  that 
propagate  vertically  in  the  <0001>  direction.18  This  figure  also  shows  that  the  majority  of  the 
mismatch  defects  appear  to  be  in  the  Si  side  of  the  heterointerface,  verifying  the  NHE  hypothesis 
that  the  Si  nanoisland  will  be  highly  compliant.  Away  from  the  interface  (Fig.  23,  right)  the  GaN 
is  defect  free  and  unstrained  as  predicted  by  NHE  theory. 
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Fig.  24:  PL  intensity  in  the  NHE  sample  is  much  higher  and  is  sustained  for 
thicker  layers  indicating  no  new  defect  formation  as  layer  thickness  grows. 

Photoluminescence  measurements  on  NHE  GaN  on  Si  (Fig  24)  show  a  dramatic  increase  in  in¬ 
tensity  compared  to  PL  on  GaN  grown  on  planar  Si.  Figure  24  shows  the  band-edge  (360  nm)  PL 
intensity  (300K)  for  three  samples.  The  highest  intensity  was  measured  for  the  NHE  sample  and 
importantly  this  high  intensity  is  sustained  as  the  GaN  layer  is  grown  thicker.  For  the  planar 
samples  (GaN  grown  on  SOI  (compliant  substrate)  and  GaN  grown  on  Si)  the  intensity  is  lower 
and  falls  for  epilayer  thickness  >  150  nm,  possibly  indicating  additional  defect  formation. 


Conclusions 

Our  experimental  results  for  GaN  on  Si  using  the  NHE  approach  are  very  encouraging.  Many  of 
the  predictions  of  the  NHE  theory  have  been  confirmed  (the  decaying  strain  field  (Figure  20a), 
the  super  compliance  of  Si-nanoislands  (Figure  22a),  the  unusual  defect  structure  (Figure  13)  and 
the  dramatically  enhanced  PL  intensity  (Fig.  24).  While  GaN  on  Si,  with  a  lattice  mismatch  of 
20%,  is  an  extreme  example  of  mismatched  heteroepitaxy;  these  results  give  us  confidence  that 
less  strained  materials,  such  as  GaAs  on  Si,  will  also  follow  the  predictions  of  NHE  theory.  In 
fact  our  theory  predicts  that  GaAs  on  Si  can  be  grown  defect  free  if  the  nanoisland  diameter  is 
reduced  to  40  nm.  This  is  within  the  range  of  our  interferometric  nanostructuring  capability  and 
will  be  attempted  in  future  studies. 


Our  published  NHE  model"  lays  out  a  solid  framework  for  calculating  the  strain  energy  at  the 
heteroepitaxial  interface  for  the  NHE  structure.  While  our  experimental  work  with  the  highly 
mismatched  GaN  on  Si  system  has  confirmed  many  of  the  predictions  of  the  NHE  theory,  it  also 
suggests  that  the  actual  strain  energy  is  less  than  predicted  by  the  model.  Furthermore,  prelimi¬ 
nary  studies  of  coalesced  GaN  (Fig.  11)  indicate  that  even  when  defects  are  formed  at  the  het¬ 
erointerface,  they  can  be  localized  at  this  interface  and  may  not  affect  the  performance  of  devices 
grown  in  the  epilayer  above  them.  Part  of  the  overestimate  of  strain  energy  by  the  NHE  theory 
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stems  from  our  conservative  approach.  For  example,  we  sum  the  strain  energy  in  the  epilayer 
and  the  strain  energy  in  the  substrate  and  assume  that  the  total  strain  energy  acts  at  only  at  the 
heterointerface.  Furthermore,  we  calculate  the  total  strain  energy  at  the  center  of  the  nano¬ 
nucleus,  where  the  strain  energy  per  unit  area  is  a  maximum.  In  practice  there  will  be  a  decrease 
of  strain  energy  per  unit  area  towards  the  edge  of  the  nucleus,  which  will  mean  that  the  average 
value  of  this  quantity  will  be  lower  than  the  maximum  value  at  the  nucleus  center.  However,  a 
more  significant  source  of  disagreement  between  theory  and  experiment,  that  is  especially  rele¬ 
vant  to  GaN  on  Si,  is  the  phenomenon  that  we  have  recently  identified19  and  we  call  "active  com¬ 
pliance".  Clearly,  much  work  remains  to  be  done  in  improving  the  accuracy  of  the  NHE  model 
and  in  the  experimental  application  of  NHE  to  other  mismatched  heterostructures. 


F.  Influence  of  the  Microstructure  on  Transport  Properties  of  p-type  GaN:Mg 

We  have  presented  an  analysis  of  the  hole  transport  in  p-type  Mg-doped  GaN  grown  on  sapphire 
substrates  by  metal-organic-chemical  vapor  deposition  (MOCVD).  We  found  that  the  experi¬ 
mental  Hall  mobility  cannot  be  explained  solely  by  traditional  extended  state  scattering  mecha¬ 
nisms.  Not  only  are  the  mobilities  not  accurately  modeled  by  numerically  solving  the  Boltzmann 
transport  equation  (BTE),  but  the  calculated  results  do  not  even  reflect  the  trend  in  experimental 
mobility  values  between  the  investigated  samples.  We  attributed  these  discrepancies  to  the  mi- 
crostructure  of  GaN:Mg  grown  on  sapphire.  A  microstructure-oriented  transport  model  was  pre¬ 
sented  for  an  interpretation  of  the  transport  of  holes  in  p-type  GaN:Mg  grown  on  sapphire.  The 
microstructure-oriented  model  provides  a  simplified  picture  of  the  microstructure,  consisting  of 
two  distinct  microstructural  phases  in  GaN  on  sapphire.  Using  this  model  for  the  experimental 
mobility,  the  extracted  parameters  from  hole  transport  measurements  were  shown  to  be  posi¬ 
tively  correlated  with  microstructural  parameters  determined  from  x-ray  diffraction  (XRD) 
measurements.  The  experimental  mobility  of  p-type  GaN:Mg  grown  on  sapphire  can  be  de¬ 
scribed  as  dependent  upon  the  acceptor  doping,  impurity  compensation,  and  microstructure,  in¬ 
cluding  dislocation  density,  columnar  grain  size,  and  grain  boundaries. 

With  improved  growth  of  GaN,  the  material  will  approach  ideal  single  crystal  quality.  In  these 
cases  the  mobility  of  p-type  GaN:Mg  should  be  well  described  by  traditional  extended  state 
scattering  mechanisms.  The  calculated  mobility  for  crystalline  p-type  GaN:Mg  with  an  activa¬ 
tion  energy  of  150  meV  and  compensation  ratio  of  K  =  0.1  is  constant  with  a  value  of  ~  120 
cmTVs  for  substitutional  Mg  doping  less  then  lxlO18  cm  3  at  300  K.  The  calculated  conductivity 
shows  an  upper  limit  of  10  (Q  cm)'1  at  300  K  and  30  (Q  cm)’1  at  500  K.  These  results  imply  that 
as  the  growth  of  p-type  GaN:Mg  improves,  GaN  devices  that  include  p-type  GaN:Mg  will  still 
possess  a  high  spreading  resistance. 

In  addition,  we  investigated  the  noise  properties  of  p-type  Mg-doped  GaN  using  low  frequency 
noise  spectroscopy.  The  epitaxial  GaN:Mg  films  were  grown  on  a  sapphire  substrate  by  metal- 
organic  chemical  vapor  deposition  (MOCVD)  in  different  laboratories.  Generation- 
recombination  (g-r)  noise  and  1/f  noise  were  observed  for  temperatures  above  250  K.  The  mag¬ 
nitude  of  the  1/f  noise  exceeds  the  g-r  noise  magnitude  for  frequencies  less  than  30  Hz,  and  the 
1/f  noise  level  was  characterized  by  high  values  of  the  Hooge  parameter,  a  « 1  - 150,  indicating 
a  high  level  of  structural  imperfection.  In  addition,  the  integrated  noise  power  spectral  density 
divided  by  the  voltage  squared  in  the  frequency  range  of  1  Hz  to  30  Hz,  correlated  strongly  with 
the  structural  imperfection  of  the  sample  as  measured  from  the  asymmetric  rocking  curve  (to- 
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scan)  FWHM.  The  generation-recombination  noise  was  related  to  a  high  concentration  trap  level 
with  an  activation  energy  of  120  meV  ±  25  meV  and  a  repulsive  barrier  that  is  possibly  associ¬ 
ated  with  the  Mg  dopant. 
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Vortex  Dynamics  in  Thin  Vanadium  Films  with  Periodic  Arrays  of  Pinning  Centers 
APS  March  Meeting 
Los  Angeles,  CA 

M.  J.  O’Brien*.  V.  H.  Perez-Luna,  L.  M.  Tender,  M.  Edmunds, 

B.  Lascelles,  S.  R.  J.  Brueck  and  G.  P.  Lopez 

Surface-Plasmon-Resonance-Based  Array  Biosensors  for  Multianalyte  Detection 
SPIE  Micro-  and  Nanofabricated  Structures  and  Devices  for 
Biomedical  Environmental  Applications 
Los  Angeles,  CA 

Xiaolan  Chen*  and  S.  R.  J.  Brueck 

Imaging  Interferometric  Lithography  -  A  Wavelength  Division  Multiplex 
Approach  to  Extending  Optics 
EIPBN’98 

Chicago,  IL  1998 

V.  Metlushko.  U.  Welp,  G.  Crabtree,  Z.  Zhang*,  S.  R.  J.  Brueck,  B.  Watkins,  L.  E.  DeLong,  B. 
Hie,  K.  Chung,  and  P.  J.  Hesketh 
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G.  G.  Ortiz,  C.  P.  Hains,  Julian  Cheng,  H.  Q.  Hou,  and  J.  C.  Zolper,  “Monolithic  integration  of 
Ino  2Gao  8As  vertical-cavity  surface-emitting  lasers  with  resonance-enhanced  quanum-welll 
photodetectors”,  Electronics  left.,  32,  No.  13,  pp.  1205-1207,  June  (1996). 

G.G.Ortiz,  C.  P.  Hains,  Julian  Cheng,  J.  C.  Zolper,  “Efficient  cryogenic  VCSELs  with  chirped 
multi-quantum-wells  with  a  wide  operating  temperature  range”,  IEEE  Photonics  Technol. 
Lett.,  8,  No.  10,  October  (1996). 
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Julian  Cheng,  Yin-Chen  Lu,  Bo  Lu,  and  G.  G.  Ortiz,  H.  Q.  Hou,  J.  C.  Zolper,  and  M.  J.  Hafich, 
“A  New  Optoelectronic  Transceiver  and  Routing  Switch  Based  on  Vertical-Cavity  Surface- 
Emitting  Lasers,  Photodetectors,  and  Heterojunction  Bipolar  Transisitors”,  Proceeedings  of 
SPIE,  Vol.  3500-36,  Feb.  (1997). 

G.  G.  Ortiz,  S.  Q.  Luong,  S.  Z.  Sun,  and  Julian  Cheng,  H.  Q.  Hou,  G.  A.  Vawter,  and  E. 

Hammons:  “Monolithic,  Multiple  Wavelength  Vertical-Cavity  Surface-Emitting  Laser  Ar¬ 
rays  by  Surface-Controlled  MOCVD  Growth  Rate  Enhancement  and  Reduction”,  IEEE 
Photonics  Technol.  Lett.,  9,  No.  8,  pp.  1069-1071;  August  (1997). 

G.  G.  Ortiz ,  C.  P.  Hains,  S.  Luong,  S.  Z.  Sun,  Julian  Cheng,  H.  Q.  Hou,  G.  A.  Vawter  and  B.  E. 
Hammons:  “Multiple  Wavelength  Vertical-Cavity  Surface-Emitting  Laser  Arrays  using 
Surface-Controlled  MOCVD  Growth  Rate  Enhancement  and  Reduction”,  OSA  Trends  in 
Optics  and  Photonics  (TOPS),  Vol.  15:  Advances  in  Vertical-Cavity  Surface-Emitting  La¬ 
sers,  edit.  C.Chang-Hasnain,  pp.  29-35,  Sept.  (1997). 

S.  Q.  Luong,  G.  G.  Ortiz,  Y.  Zhou,  Jun  Lu,  C.  P.  Hains,  Julian  Cheng,  H.  Q.  Hou,  and  G.  A. 

Vawter:  “Monolithic,  Wavelength-Graded  VCSEL  and  Resonance-Enhanced  Photodetector 
Arrays  for  Parallel  Optical  Interconnects”,  IEEE  Photonics  Technol.  Lett.,  9,  No.  5,  pp. 
642-644,  May,  (1998). 

Alduino,  Yuxin  Zhou,  S.  Luong,  C.  P.  Hains,  and  Julian  Cheng,  “Wavelength  Multiplexing  and 
Demultiplexing  using  Multi- Wavelength  VCSEL  and  Resonance-Enhanced  Photodetector 
Arrays”,  IEEE  Photonics  Technol.  Lett.,  10,  No.  8,  pp.  1310-1312,  August  (1998). 

Yuxin  Zhou,  S.  Luong,  C.P.  Hains,  and  Julian  Cheng:  “Oxide-Confined  Monolithic,  Multiple- 
Wavelength  Vertical-Cavity  Surface-Emitting  Laser  Arrays  with  a  40  nm  Wavelength 
Span”,  IEEE  Photonics  Technol.  Lett.,  10,  pp.  1527-1529,  (1998). 

C.  Alduino,  S.  Q.  Luong,  Yuxin  Zhou,  C.  P.  Hains,  and  Julian  Cheng,  “Quasi-Planar  Monolithic 
Integration  of  High-Speed  VCSEL  and  Resonant  Enhanced  Photodetector  Arrays”,  IEEE 
Photonics  Technology  Letters  11,  No.  5,  pp.  512-5 14,  May  (1999). 

(Invited)  Julian  Cheng,  Yuxin  Zhou,  S.  Q.  Luong,  A.  C.  Alduino,  and  C.  P.  Hains:  “Wave¬ 
length-Division  Multiplexed  Optical  Interconnects  using  Monolithic  Wavelength-Graded 
VCSEL  and  Resonant  Photodetector  Arrays”,  Proceedings  of  SPIE,  3627,  Vertical-Cavity 
Surface-Emitting  Lasers  III,  (1999). 

N.  Y.  Ki,  C.  P.  Hains,  Kai  Yang,  Jun  Lu,  P.W.  Li,  Julian  Cheng:  “Organometallic  vapor  phase 
epitaxy  growth  and  optical  characteristics  of  almost  1.2  pm  GalnNAs  three-quantum-well 
laser  diodes”,  Applied  Physics  Letters,  Vol.  75,  No.  8,  pp.1051-1053, 23  August,  (1999). 


Julian  Cheng's  Conference  Papers: 

G.  Ortiz,  Bo  Lu,  Julian  Cheng,  C.  H.  Hains,  S.Z.  Sun,  “VCSELs  with  non-uniform  multiple 
quantum  wells  for  a  very  wide  temperature  range  of  cw  operation”,  Conference  on  Lasers 
and  Electrooptics,  1996  Technical  Digest  Series,  10,  pp.  83-84,  June  2-7,  (1996);  Paper 
JTuH6. 
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Julian  Cheng  (Invited  Paper):  “Reconfigurable  Multi-Point  Optical  Interconnects  using  Vertical- 
Cavity  Surface-Emitting  Laser-Based  Optoelectronic  Switches  Arrays”,  Electrochemical 
Society  Proceedings,  96-2,  pp.  117-119,  (1996). 

Julian  Cheng  (Invited  Talk):  “Future  Optical  Data  Links  and  Optical  Interconnects”,  Paper  pre¬ 
sented  at  the  1996  Laser  and  Electro-Optics  Society  (LEOS)  annual  meeting,  Boston,  MA, 
Nov.  (1996). 

G.G.  Ortiz,  Julian  Cheng,  C.  P.  Hains,  H.  Q.  Hou,  J.  C.  Zolper,  “Monolithic  Integration  and  In¬ 
dividually-Optimized  Operation  of  Ino  2Gao  sAs  Vertical-Cavity  Surface-Emitting  Lasers 
and  Resonance  Enhanced  Quantum-Well  Photodetectors”,  IEEE  Laser  and  Electro-Optics 
Society  Annual  Meeting,  2,  pp.  273-274,  (1996). 

G.  G.  Ortiz,  S.  Z.  Sun  and  Julian  Cheng,  S.  Z.  Sun,  H.  Q.  Hou,”MOCVD  Enhanced  and  Depleted 
Growth  Rate  Regions  for  Multiple  Wavelength  Vertical-Cavity  Surface-Emitting  Laser  Ar¬ 
rays”,  CLEO  1997,  May  (1997). 

G.  G.  Ortiz,  S.  Z.  Sun  and  Julian  Cheng,  S.  Z.  Sun,  H.  Q.  Hou,  “Monolithic  Wavelength-Graded 
VCSEL  and  Resonance-Enhanced  Photodetector  Arrays  for  Parallel  Optical  Interconnects”, 
LEOS  10th  Annual  Meeting  Conference  Proceedings,  2,  Paper  WJ-2,  pp.  79-80;  Nov. 
(1997). 

Alduino,  S.  Luong,  Yuxin  Zhou,  C.  P.  Hains,  and  Julian  Cheng:  “  Wavelength-Division  Multi¬ 
plexing  and  Demultiplexing  using  Monolithic  Wavelength-Chirped  VCSEL  and  Reso¬ 
nance-Enhanced  Photodetector  Arrays  “,  1998  CLEO  Technical  Digest ,  6,  pp.  367-368, 
(1998);  Paper  CThK2. 

Julian  Cheng:  “Optical  Multiplexing  Technologies  Based  on  VCSELs”,  Invited  paper  presented 
at  the  La  Jolla  Advanced-Topics  Research  School  Semiconductor  Science  and  Technology 
Conference,  Sept.  7-1 1,  (1998);  La  Jolla,  CA. 

Yuxin  Zhou,  S.  Luong,  C.P.  Hains,  and  Julian  Cheng,  “Oxide-Confined  Monolithic,  Multiple- 
Wavelength  Vertical-Cavity  Surface-Emitting  Laser  Arrays  with  a  40  nm  Wavelength 
Span”,  presented  at  the  LEOS  Annual  Meeting,  Dec.  4,  (1998). 

Alduino,  S.  Q.  Luong,  Yuxin  Zhou,  C.  P.  Hains,  and  Julian  Cheng,  “A  Quasi-Planar  Approach 
to  the  Monolithic  Integration  of  High-Speed  VCSEL  and  Resonant  Photodetector  Arrays”, 
and  “Conference  on  Lasers  and  Electro-Optics,  Baltimore,  MD;  May  (1999). 

Julian  Cheng,  N.Y.  Li,  C.  P.  Hains,  and  K.  Yang:  “Multi-Quantum  Well  GalnNAs/GaAs  Lasers 
with  Low  Threshold  Current  Density  Grown  by  MOCVD”,  presented  at  the  57th  Device 
Research  Conference;  Session  VIIB;  Santa  Barbara,  CA;  June  28-30,  (1999). 

N.  Y.  Ki,  C.  P.  Hains,  Jun  Lu,  Kai  Yang,  Julian  Cheng:  “Tellurium  Memory  Effects  on  OMVPE- 
Grown  Ino  3Gao.7Aso.997No.003/GaAs  Laser  Diodes”,  presented  at  the  41st  Electronic  Material 
Conference,  Session  G;  Santa  Barbara,  CA;  June  30-July2,  (1999). 

Yuxin  Zhou,  S.  Q.  Luong,  and  Julian  Cheng:  “High-Speed  Wavelength  Division  Multiplexing 
and  Demultiplexing  Using  Monolithic  Quasi-Planar  VCSEL  and  Resonant  Photodetector 
Arrays  with  Strained  InGaAs/GaAs  Quantum  Wells”,  1999  LEOS  Annual  Meeting;  San 
Francisco,  CA:  Nov.,  (1999). 
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Kai  Yang,  C.  P.  Hains,  N.Y.  Li,  and  Julian  Cheng:  “Near  Room  Temperature  CW  Lasing  Op¬ 
eration  of  a  Narrow-Stripe  Oxide-Confined  GalnNAs/GaAs  Multi-Quantum  Well  Laser 
Grown  by  MOCVD,1999  LEOS  Annual  Meeting;  San  Francisco,  CA:  Nov.,  (1999). 

Kai  Yang,  C.  P.  Hains,  and  Julian  Cheng,  “Efficient  Above-Room-Temperature  Continuous- 
Wave  Operation  of  a  GalnNAs/GaAs  Multi-Quantum  Well  Laser  Grown  by  MOCVD”, 
LEOS  Summer  Topical  Meeting  on  VCSELs;  San  Diego,  CA;  July  28-30,  (1999);  post 
deadline  paper  PD-1. 

Steve  Hersee's  Group  Publications 

X.  Wang*,  B.  Lu  and  S.D.  Hersee,  “Direct  Imaging  of  a  High  Power  Diode  Laser  Cavity  using  a 
Transparent  ITO  Contact”,  Photonics  Technol.  Lett.,  49-51,  (1996). 

J.  Zolper,  M.  H.  Crawford,  A.J.  Howard,  J.  Ramer*  and  S.  D.  Hersee,  “Morphology  and  Photo¬ 
luminescence  Improvements  from  High  Temperature  Rapid  Thermal  Annealing  of  GaN”, 
Applied  Phys.  Lett.,  68, 200-202,  (1996). 

X.C.  Long,  R.A.  Myers,  S.RJ.  Brueck,  J.Ramer*,  K.  Zheng  and  S.D.  Hersee,  “GaN  Linear 
Electrooptic  Effect”,  Appl.  Phys.  Lett.,  67  1349-1351,  (1995). 

L.  Zhang,  J.  Ramer*,  J.  Brown,  K.  Zheng,  L.F.  Lester  and  S.D.  Hersee,  “Electron  Cyclotron 
Resonance  Etching  Characteristics  of  GaN  in  SiC14/Ar”,  Applied  Phys.  Lett.,  68, 367- 
369,  (1996). 

G.  Goncher,  B.  Lu,  W.L.  Luo,  J.C.  Cheng,  S.D.  Hersee,  S.Z.  Sun,  R.P.  Schneider  and  J.C. 

Zolper,  “Cryogenic  Operation  of  AlGaAs-GaAs  VCSELs  at  Temperatures  from  200  K  to 
6  K”,  Photonics  Technol.  Lett.,  8  316-318  (1996). 

H.  Li,  X.  Wang*,  S.D.  Hersee,  “The  Measurement  of  Lateral  Index  Variations  in  Unstable 

Resonator  Semiconductor  Lasers  from  Spectrally  Resolved  Near-Field  Images”,  Photon¬ 
ics  Technol.  Lett.,  9  31-33,  (1997). 

H.S.  Gingrich,  D.R.  Chumney,  S.  -Z.  Sun,  S.D.Hersee,  L.F.  Lester  and  S.R.J.  Brueck, 

“Broadly  Tunable  External  Cavity  Laser  Diodes  with  Staggered  Thickness  Multiple 
Quantum  Wells”,  Photonics  Technol.  Lett.,  9  155-157,  (1997). 

Invited  Paper:  S.D.Hersee,  J.C.  Ramer  and  K.J.  Malloy,  “The  Microstructure  of  MOCVD  GaN 
on  Sapphire”,  MRS  Bulletin ,  22(7),  45-51,  (1997). 

G.  Peake*,  S.D.  Hersee,  “GaAs  Microlens  Arrays  Grown  by  Shadow  Masked  MOVPE”,  J. 
Electronic  Matls. ,  26, 1 134-1138,  (1997). 

J.  Ramer*,  A.  Hecht*,  S.D.  Hersee,  “The  Stability  and  Interface  Abruptness  of  InxGal- 

xN/InyGal-yN  Multiple  Quantum  Well  Structures  Grown  by  MOVPE  on  Sapphire”,  J. 
Electronic  Matls. ,  26, 1 109-1 1 13,  (1997). 

S.  Guel-Sandoval*,  A.H.  Paxton,  S.D.  Hersee  and  J.  Mclnemey,  “Effective  Index  Design  of  a 
Shaped  Conitnous  Unstable  Resonator  for  High  Power  Laser  Diodes”,  Revista  Mexicana 
de  Fisica,  43, 940-951,  (1997). 

"Nanoheteroepitaxy:  A  New  Approach  to  the  Heteroepitaxy  of  Mismatched  Semiconductor 
Materials",  D.  Zubia*  and  S.D.  Hersee,  J.  Appl.  Phys.,  85, 6492-6496,  (1999). 
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"Properties  of  GaN  epilayers  grown  on  misoriented  sapphire  substrates",  Carol  Trager-Cowan 
,  S.  McArthur,  P.  G.  Middleton,  K.  P.  O'Donnell  D.  Zubia*,  S.D.  Hersee,  MRS  Journal  of 
Internet,  accepted  Oct  1998:  (http://nsr.mii.mrs.Org/3/36/) 

“Micromachined,  Reusable  Shadow  Mask  for  Integrated  Optical  Elements  Grown  by 

MOCVD”,  G.M.  Peake* ,  L.  Zhang,  N.Y.  Li,  A.M.  Sarangan,  C.G.  Willison,  R.J.  Shul 
and  S.  D.  Hersee,  J.  Vac.  Sci.  and  Technol.,  B  17, 2070-2073,  (1999). 


Steve  Hersee's  Group  Presentations: 

H.  Li,  X,  Wang*  and  S.D.  Hersee,  “Spectrally  Resolved  Near-Field  Images  of  Unstable  Reso¬ 
nator  Diode  Lasers  and  Their  Application  to  the  Measurement  of  Refractive  Index”,  pa¬ 
per  WR6,  IEEE  Laser  &  Electro-Optics  Society  Annual  Meeting  (LEOS  ‘96),  Nov.  18  - 
21, 1996,  Boston,  MA 

D.J.  King,  J.C.  Ramer*,  L.  Zhang,  S.D.  Hersee,  L.F.  Lester,  “Temperature  Behavior  of  Pt/Au 
Ohmic  Contacts  to  p-GaN”,  MRS  1997  Spring  Meeting,  3/3 1/96-4/4/96  San  Francisco, 
CA. 

Invited  Paper:  S.D .Hersee,  J.Ramer*,  KJ.  Malloy,  “GaN  on  Sapphire:  an  Ordered  Polycrys¬ 
tal”,  Fourth  WideBandgap  and  Nitride  Workshop,  St.  Louis,  MO,  March  1 1-14,  1997. 

S.D.Hersee,  J.Ramer*,  A.  Rice,  G.  Lui,  KJ.  Malloy,  “The  Properties  of  GaN  Grown  on 
Misoriented  Sapphire”,  Fourth  WideBandgap  and  Nitride  Workshop,  St.  Louis,  MO, 
March  11-14,  1997. 

G.  Peake*,  S.D.  Hersee,  “The  Shadow  Masked  MOVPE  Growth  and  Optical  properties  of 
GaAs  Microlenses”,  Eigth  Biennial  Workshop  on  Organometallic  VPE,  13- 17th  April, 
1997,  Dana  Point,  CA. 

J.  Ramer*,  A.  Hecht*,  S.D.  Hersee,  “The  Stability  of  InxGal-xN/InyGal-yN  Structures 
Grown  by  MOVPE  on  Sapphire”,  Eigth  Biennial  Workshop  on  Organometallic  VPE,  13- 
17th  April,  1997,  Dana  Point,  CA. 

S.D.  Hersee,  D.  Zubia*,  A.  Rice,  G.  Liu,  J.Ramer*  and  K.Malloy,  “The  Microstructure  of 
GaN  on  Sapphire”,  presented  at  2nd.  European  GaN  Workshop,  Valbonne,  France,  11-13 
June,  1997 

Invited  Paper:  S.D.  Hersee,  J.C.  Ramer*  ,  D.  Zubia*  and  K.M.  Hansen*,  “MOCVD  Growth, 
Characterization  and  Stability  of  High  Quality  InGaN  MQW  Structures”,  1997  Summer 
Topical  Meeting  on  “GaN  Materials,  Processing  and  Devices”,  (11-13  August,  1997, 
Montreal,  Canada) 

Piotr  Perlin,  Valentin  Iota,  Bemie  A.  Weinstein,  Henryk  Teisseyre,  Tadeusz  Suski,  Steve  Her¬ 
see,  Christian  Kisielowski,  Eicke  R.  Weber,  Jinwei  Yang,  “High-Pressure  Investigation 
of  InGaN  Quantum  Wells”,  MRS  Spring  Meeting,  San  Francisco,  CA,  April  1998.  (pub¬ 
lished  in  MRS  Symposium  Proceedings,  Vol  5 12) 


41 


"Auger  and  Electrical  Analysis  of  Pt/Au  and  Ni/Au  Contacts  to  p-GaN",  D.J.  King,  L.  Zhang, 
J.C.  Ramer,  A.  Rice,  K  J.  MALLOY,  S.D.HERSEE,  L.F.  LESTER,  paper  ThF5  at  LEOS 
'98  (IEEE  Lasers  and  Electro-Optics  Society  1998  Annual  Meeting),  Orlando,  Florida, 
Dec  1998. 

"Integrated  Optical  Structure  Grown  by  Shadow  Masked  MOCVD",  G.M.  Peake,  A.M. 
Sarangan  and  S.D.  HERSEE,  paper  FQ3  at  LEOS  '98  (IEEE  Lasers  and  Electro-Optics 
Society  1998  Annual  Meeting),  Orlando,  Florida,  Dec  1998. 

“Shadow  Masked  OMVPE  for  Integrated  Optical  Structures  Using  a  Micromachined  Silicon 
Mask”,  G.M.  Peake*,  L.  Zhang,  N.  Li,  A.M  Sarangan,  S.D.  Hersee,  Ninth  Biennial 
Workshop  on  Organometallic  VPE,  23-27  May,  1999,  Ponte  Vedra  Beach,  FL. 

“Nanoheteroepitaxy:  Selective  MOCVD  Growth  of  GaN  on  Compliant  ,Nanostructured  Sili¬ 
con”,  D.  Zubia,  S.  Zaidi,  S.R.J.  Brueck,  Ninth  Biennial  Workshop  on  Organometallic 
VPE,  23-27  May,  1999,  Ponte  Vedra  Beach,  FL. 

“Application  of  Nanoheteroepitaxy  (NHE)  to  the  OMVPE  Growth  of  GaN  on  Silicon”, 

S.D.Hersee,  D.Zubia,  S.H.  Zaidi,  S.RJ.  Brueck,  Lateral  Epitaxial  Overgrowth  Workshop, 
2-6  Aug,  1999,  Juneau,  Alaska. 

"Nanostructured  SOI  Compliant  Structures",  D.Zubia*,  S.H.  Zaidi,  T.  O'Neil*,  S.  Jaffer, 
S.R.J.  Brueck,  S.D.Hersee,  First  International  Conference  on  Compliant  and  Alternative 
Substrate  Technology,  Buena  Vista,  FL,  Sept.  19-23,  (1999). 

Ravi  Jain's  Publications: 

E.  Poppe,  B.  Srinivasan  and  R.K.  Jain,  980nm  Diode-Pumped  Continuous  Wave  Mid-IR  (2.7 
mm)  Fiber  Laser,  Electron.  Lett.,  34, 233 1  (1998). 

B.  Srinivasan,  J.  Tafoya,  and  R.K.  Jain,  High-Power  “Watt-Level”  CW  Operation  of  Diode- 
Pumped  2.7  mm  Fiber  Lasers  Using  Efficient  Cross-Relaxation  and  Energy  Transfer 
Mechanisms,  Optics  Exp.  4, 490  (1999). 

B.  Srinivasan,  E.  Poppe,  J.  Tafoya,  and  R.K.  Jain,  High  Power  (400  mW)  Diode-Pumped  2.7 
mm  EnZBLAN  Fiber  Lasers  Using  Enhanced  Er-Er  Cross-Relaxation  Processes,  Elec¬ 
tron.  Lett.,  35, 1338  (1999). 


Ravi  Jain's  Presentations: 

"A  Compact  Blue  Upconversion  Fiber  Laser  pumped  by  a  Diode-Pumped  Raman  Fiber  Laser", 
G.S.  Feller,  B.  Srinivasan,  S.G.  Grubb,  I.J.  Booth  8c  R.K.  Jain,  CLEO,  Anaheim,  May 
(1996). 

"Self  Mode-Locked  Operation  of  a  482nm  TmrZBLAN  Upconversion  Fiber  Laser",  G.S  Feller, 
R.K.  Jain,  B.  Srinivasan,  and  I.J.  Booth,  IQEC  ’96,  Sydney,  July  (1996). 

"Fusion  Splicing  of  ZBLAN  fibers  with  the  use  of  Tungsten  Filament  Heating",  B.  Srinivasan, 
M.  Erlandsson,  G.S.  Feller,  E.W.  Mies,  and  R.K.  Jain,  Photonics  '96,  India,  Dec.  1996 
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"Upconversion  Fiber  Lasers",  B.  Srinivasan,  G.S.  Feller,  and  R.K.  Jain,  Invited  Paper,  Pho¬ 
tonics  '96,  India,  December  (1996). 

"Reproducible  Fusion  Splicing  of  Low  Melting  Point  (Fluoride)  Optical  Fibers  With  the  Use  of 
a  Stable  Heat  Source",  B.  Srinivasan,  M.  Erlandsson,  G.S.  Feller,  E.W.  Mies,  and  R.K. 
Jain,  Optical  Fiber  Communications  (OFC  '91),  Dallas,  February  (1997). 

B.  Srinivasan  and  R.K.  Jain, ,  First  Demonstration  of  Thermally-Poled  Electro-Optically  Tun¬ 
able  Fiber  Bragg  Gratings,  European  Conference  on  Optical  Communications  (ECOC), 
Nice,  France,  Paper  Pl.l  (Sep.  1999) 

B.  Srinivasan  and  R.K.  Jain,  First  Demonstration  of  Thermally-Poled  Electro-Optically  Tun¬ 
able  Fiber  Bragg  Gratings,  OSA  Annual  Meeting,  Paper  WI3  (Sep  1999) 

B.  Srinivasan  and  R.K.  Jain,  High-power  diode-pumped  2.7  micron  fiber  lasers  using  efficient 
cross-relaxation  and  energy  transfer,  OSA  Annual  Meeting,  Paper  WA2  (1999) 

B.  Srinivasan,  E.  Poppe,  R.K.  Jain,  40  mW  Single  Transverse  Mode  Mid-IR  (2.7  mm)  CW 
Output  from  a  Simple  Mirror-Free  780  nm  Diode-Pumpable  Fiber  Laser,  CLEO  ‘98,  Pa¬ 
per  CWM2,  6,297(1998). 

X.  Zhao,  B.  Srinivasan,  P.  Pulaski,  S.  Gupta,  and  R.K.  Jain,  Mirror-Free  High  Power  (140 
mW)  Diode-Pumped  2.7  mm  CW  Fiber  Laser,  CLEO-Europe  98,  Postdeadline  paper 
(1998). 

B.  Srinivasan  and  R.K.  Jain,  Diode-Pumped  High  Power  Continuous  Wave  Mid-Infrared  Fiber 
Lasers,  Photonics  ’98,  Invited  Paper  FC-1,  New  Delhi,  India  (1998). 
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A  Poled  Electrooptic  Fiber 

X.-C.  Long,  R.  A.  Myers,  and  S.  R.  J.  Brueck,  Fellow,  IEEE 


Abstract — A  simple  fabrication  technique,  readily  extensible 
to  volume  manufacturing,  is  presented  to  produce  an  electroop- 
tically  active  fiber  segment  that  can  be  simply  integrated  into 
optoelectronic  devices.  The  fabrication  technique  offers  a  di¬ 
electric  isolation  structure  surrounding  the  fiber  to  allow  high 
field  poling,  a  pair  of  electrodes  used  both  for  poling  and  for 
inducing  an  electrooptic  effect  that  can  be  lithographically  de¬ 
fined  for  either  velocity-matched,  high  speed  RF  modulation 
or  quasiphasematched  three-wave  mixing  interactions,  and  ends 
of  the  fiber  unaffected  by  the  fabrication  and  available  for 
splicing  with  additional  fiber  sections.  An  electrooptic  coefficient, 
including  overlap  between  the  nonlinearity  and  the  fiber  mode,  as 
high  as  03  pm/V  was  obtained  by  combined  temperature/electric 
field  poling. 


I.  Introduction 

PACKAGING  COSTS  associated  with  optomechanical 
coupling  of  discrete  optical  components  are  a  major 
part  of  the  cost  for  advanced  optoelectronic  systems.  For 
example,  for  many  high-speed  fiber  communications  systems, 
the  output  of  a  diode  laser  must  be  coupled  into  a  single-mode 
optical  fiber,  the  fiber  must  in  turn  be  coupled  to  a  LiNb03 
waveguide  modulator  whose  output  is  again  coupled  into  a 
fiber.  Discrete  optical  components,  e.g.,  graded-index  lenses  or 
micro-lenses,  are  required  at  each  coupling  node  to  adapt  the 
very  different  mode  profiles  and  spatial  extents  of  the  diode 
laser  and  modulator  waveguide  modes  to  the  fiber  mode. 
Tolerances  are  fractions  of  a  micrometer  to  ensure  minimal 
coupling  losses  and  extensive  active  alignment  is  typically 
required.  Throughput  and  yield  are  limited  by  the  requirement 
of  keeping  the  system  stable  while  the  bonding  agents  cure. 
Development  of  an  integral  fiber  would  substantially  reduce 
the  manufacturing  and  packaging  costs  associated  with  these 
systems.  This  is  particularly  attractive  in  view  of  advances 
in  fiber  lasers. 

Electric  field  sensors  are  another  potentially  attractive  appli¬ 
cation  of  electrooptic  fibers.  The  electric  power  industry  has 
a  need  for  remote  sensors  to  monitor  high  voltage  generation 
and  transmission  systems.  Integrating  electrooptically  active 
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fiber  sensors  with  Bragg  reflector  gratings  is  a  very  attractive 
alternative  to  currently  available  sensors. 

A  third  potential  application  area  for  electrooptically  active 
fibers  is  three-wave  mixing  to  enable  extension  of  the  wave¬ 
length  range  available  With  high  power  diode  lasers,  which 
are  today  confined  to  the  wavelength  range  from  roughly 
700  nm  to  1  /an.  Previous  work  [1],  [2]  has  shown  that  the 
second-order  nonlinearity  and  the  electrooptic  effect  induced 
in  gennanosilicate  glasses  arise  from  electronic  processes  and 
are  closely  related.  The  required  phase  matching  is  most 
conveniently  achieved  by  quasiphase  matching  in  which  the 
nonlinearity  is  either  on  and  off  for  alternate  coherence  lengths. 
More  complex  poling  patterns  are  readily  envisioned  to  tailor 
the  phase  matching  bandwidth  for  specific  applications  [3]. 

The  discovery  of  a  stable  second-order  nonlinearity  induced 
in  Si02  materials  [4]  has  led  to  a  great  deal  of  work  aimed  at 
establishing  a  practical  geometry  and  materials  systems  for 
poling  both  waveguide  [5]  and  fiber  electfooptic  elements 
[2],  16]. 

Recently,  a  group  at  the  Australian  Fiber  Optic  Research 
Center  bas  demonstrated  [7]  a  significant  improvement  in  the 
effective  electrooptic  coefficient  of  a  fiber  with  two  innova¬ 
tions:  a)  use  of  an  ultraviolet  beam  along  with  an  applied 
electric  field  to  produce  the  poling  in  contrast  to  the  use  of 
high  temperatures  (~100-300  °C)  under  an  applied  electric 
field,  and  b)  provision  for  wire  electrodes  internal  to  the  fiber 
to  increase  resistance  to  breakdown  during  the  poling  and  to 
provide  a  better  overlap  between  the  nonlinearity  and  the  op¬ 
tical  mode  volume.  They  report  an  electiooptic  (r)  coefficient 
of  6  pmAf.  This  is  significantly  larger  than  previously  reported 
[2],  [6]  (0.05  pmAO  and  is  sufficiently  large  for  practical 
application.  Their  technique,  however,  still  leaves  significant 
packaging  and  manufacturability  issues.  Specifically,  the  fiber 
is  drawn  from  a  preform  with  two  holes  for  electrode  wires 
that  are  to  be  inserted  following  the  fiber  drawing.  This  wire 
insertion  is  a  difficult  manufacturing  step.  To  avoid  breakdown, 
one  wire  is  inserted  from  each  end  of  the  fiber.  The  modulation 
frequency  is  limited  to  low  values  since  a  high-speed  traveling 
wave  geometry  is  not  possible.  This  may  be  alleviated  by 
inserting  the  wires  through  the  sides  of  the  fiber,  however, 
splitting  to  either  end  of  the  fiber  is  difficult  because  of  the 
electrode  voids. 

We  have  developed  a  simple  fabrication  technique  that 
provides  for  ease  of  manufacturing  and  packaging.  The  tech¬ 
nique  is  illustrated  in  Fig.  1.  We  start  with  a  commercial  “D” 
fiber  [8]  where  one  side  of  the  cladding  has  been  removed 
close  to  the  core.  The  flat  section  of  the  “D”  fiber  is  further 
etched  to  allow  closer  approach  of  the  electrode  structure 
to  the  fiber  core.  There  is  an  important  tradeoff  between 
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Fig.  1.  Schematic  representation  of  the  steps  involved  in  the  fabrication  of 
an  electroopticaUy  active  fiber  segment 


the  proximity  of  the  electrode  to  the  core  allowing  a  larger 
electrooptic  coefficient  and  at  the  same  time  increasing  the 
linear  optical  loss  of  the  fiber  segment.  No  attempt  has  yet  been 
made  to  optimize  this  distance.  The  steps  in  the  fabrication 
process  include:  1)  etching  of  the  cladding  to  reduce  the  core- 
cladding  distance;  2)  gluing  the  fiber,  “D”  side  down,  to  a  Si 
wafer  using  a  thin  polyimide  layer;  3)  surrounding  the  fiber 
in  polyimide  with  multiple  deposition  and  curing  cycles;  4) 
polishing  the  polyimide/fiber  to  decrease  the  total  thickness; 
5)  depositing  an  upper  electrode  structure  (which  can  be  litho¬ 
graphically  defined  as  a  high-speed  RF  circuit  or  interrupted 
for  quasiphasematching);  6)  temperature/electric  field  poling 
the  fiber,  and  7)  depositing  additional  dielectric  and  electrode 
layers  as  required,  e.g.,  for  increased  RF  isolation. 

This  technology  provides:  1)  a  high-speed  RF  circuit  allow¬ 
ing  traveling  wave  interactions  between  the  RF  and  optical 
fields  and  hence  a  high  speed  modulation  capability  ;  2)  inex¬ 
pensive  optical  packaging  by  simple  splices  at  both  ends  of 
the  fiber,  and  3)  extensibility  to  simultaneous  production  of 
multiple  poled  fiber  sections. 

Initial  demonstrations  were  carried  out  using  a  single  mode, 
polarization-maintaining,  germanosilicate  D-fiber  designed  for 
633  nm  (Andrew  Corporation  no.  205170-633S-2)  [8].  The 
core  is  1.25  x  2.5  /xm2  with  18  wt%  Ge  doping,  and  the 
thickness  of  the  fused  silica  cladding  is  only  9  /xm  on  the 
flat  side  of  the  fiber.  The  total  thickness  of  the  core/cladding 
from  the  flat  to  the  opposite  side  of  the  cladding  is  45  /xm. 
Following  stripping  of  the  plastic  jacket  in  sulfuric  acid  at 


f  (kHz) 

Fig.  2.  Phase  shift  signals  from  poled  fiber  and  LiNb03  samples  in  a 
Mach-Zehnder  interferometer  vs.  driving  electrical  frequency. 


solution  for  3.5  min  to  further  reduce  the  minimum  thickness 
of  the  cladding  (at  the  “.D”)  to  about  5  /xm.  The  linear  fiber 
properties  were  unchanged  by  these  processing  steps.  A  thin 
(~l-/zm  thick)  layer  of  polyimide  (UR3  100)  was  then  spun 
onto  a  Si  wafer  and  the  fiber  was  affixed  to  the  wafer  “D”  side 
down  using  this  polyimide  layer  as  an  adhesive.  The  polyimide 
layer  was  cured  with  a  dual  temperature  process  at  120  °C  and 
170  °C  for  5  min  each.  Subsequent  to  this  curing,  multiple 
additional  layers  of  polyimide  (UR3  140)  were  spun  onto  the 
wafer  until  the  total  thickness  reached  40  /xm,  encapsulating 
the  fiber.  Each  layer  of  the  polyimide  was  cured  with  a  dual 
temperature  cycle  at  120  °C  and  170  °C  for  10  min  each.  The 
total  polyimide  stack  was  then  cured  at  350  °C  for  one  hour. 
Then,  the  fiber/polyimide  structure  was  mechanically  polished 
down  to  a  thickness  of  ~34  /xm,  providing  a  planarized  surface 
for  further  lithographic  steps.  A  Cr:Au  film  (30  nm/300  nm) 
was  deposited  on  top  of  the  polished  surface  as  the  second 
electrode. 

The  resulting  structure  was  poled  by  electric 
field/temperature  poling  processes  over  a  variety  of 
parameters.  The  poled  interaction  length  was  ~2  cm. 
To  monitor  the  resulting  electrooptic  effect,  the  poled  sample 
was  placed  in  the  measurement  arm  of  a  Mach-Zehnder 
interferometer  operating  at  633  nm.  The  Mach-Zehnder  was 
a  free  space  geometry  with  appropriate  microscope  objectives 
to  couple  light  into  and  out  of  the  electrooptically  active 
fiber  section. 

The  Mach-Zehnder  signal  shows  a  smooth  frequency  re¬ 
sponse  as  shown  in  Fig.  2.  The  absence  of  narrow  acoustic 
frequency  resonances  implies  that  the  piezoelectric  response 
has  been  damped,  probably  by  the  polyimide,  and  demon¬ 
strates  that  the  signal  is  due  to  the  electrooptic  effect.  The 
reference  signal  for  calibrating  the  nonlinearity  using  the 
longitudinal  electrooptic  effect  in  a  LiNbC>3  slab  is  also 
shown.  The  LiNbOs  signal  is  weaker  because  of  the  much 
shorter  pathlength  and  lower  applied  fields.  ITO  electrodes  are 
deposited  on  a  0.5-mm-thick,  Z- cut  LiNbC>3  plate.  The  appro¬ 
priate  electrooptic  coefficient  for  this  longitudinal  geometry  is 


a  temperature  of  200  °C,  the  fiber  was  etched  in  48%  HF  7*31  =  9.8  pm/V  [9]. 
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Fig.  3.  The  relationship  between  the  measured  electrooptic  coefficient  and 
the  poling  voltage  for  a  fixed  poling  temperature  (255  °C)  and  a  fixed  poling 
time  (10  min). 


Fig.  4.  The  relationship  between  the  measured  electrooptic  coefficient  and 
die  poling  time  for  a  fixed  poling  voltage  (1.5  kV)  and  temperature  (255  °C). 

Fig.  3  shows  the  relationship  between  the  measured  elec¬ 
trooptic  coefficient  r33  and  the  poling  voltage  for  a  fixed 
poling  temperature  of  255  °C  and  a  poling  time  of  10  min. 
Fig.  4  shows  the  dependence  of  on  the  poling  time  for  a 
fixed  poling  voltage  of  1.5  kV  and  temperature  of  255  °C. 
The  largest  coefficient  was  obtained  for  a  short  poling  time 
of  only  10  min  at  the  highest  applied  voltage.  Breakdown 
at  the  interface  between  the  polyimide  and  the  fiber  limited 
the  applied  voltage  to  2.7  kV.  A  much  smaller  signal  was 
observed  with  a  reversed  polarity  (cathode  electrode  adjacent 
to  die  “D”),  probably  because  of  a  decreased  spatial  overlap 
between  the  nonlinearity  and  the  optical  mode. 

As  expected,  the  phase  shift  signal  is  sensitive  to  the 
polarization  of  input  laser  light.  The  ratio  of  the  signal  from 
TE  mode  to  one  from  TM  mode  is  ~2.4 : 1.  This  implies  that 
electrooptic  coefficient  ratio  r33 :  r3i  is  ~2.4 : 1,  roughly  con¬ 
sistent  with  the  3 : 1  ratio  predicted  from  a  simple  symmetry 
model. 


For  a  unetched  P-fiber  (9  /xm  core  to  flat  distance)  poled 
under  the  same  conditions,  the  phase  shift  signal  was  reduced 
by  factor  of  seven.  This  suggests  that  further  increase  of  the 
effective  electrooptic  coefficient  may  be  possible  by  etching 
the  cladding  layer  thickness  to  less  than  5  /xm,  at  the  cost  of 
the  introduction  of  some  added  linear  optical  loss. 

n.  Summary 

A  scaleable,  manufacturing  technique  for  producing  a  large 
second-order  nonlinearity  in  an  optical  fiber  is  reported.  A  lin¬ 
ear  electrooptic  coefficient  as  high  as  0.3  pm /V  is  obtained  by 
temperature/electric -field  poling  a  germanosilicate  optical  fiber 
using  an  improved  poling  geometry.  The  ability  to  lithograph¬ 
ically  define  the  electrode  geometry  provides  the  capability 
for  velocity-matched,  high-speed  RF  circuit  definition,  and  is 
adaptable  to  periodic  poling  for  quasiphasematehed  nonlinear 
interactions.  Integration  by  simple  splicing  to  additional  fiber 
components  is  a  major  advantage.  Major  areas  of  application 
include:  high-speed  fiber  modulators  for  telecommunications; 
electric  field  sensors;  and  extended  wavelength  generation  by 
three-wave  mixing. 
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A  CW  External-Cavity  Surface-Emitting  Laser 

J.  V.  Sandusky  and  S.  R.  J.  Brueck,  Fellow,  IEEE 


Abstract — Room  temperature,  continuous  wave  (CW)  operation 
of  an  external-cavity,  optically-pumped  surface-emitting  laser  is 
reported.  The  device  is  a  resonant-periodic  gain  (RPG)  vertical- 
cavity  surface-emitting  laser  (VCSEL)  with  the  top  mirror  stack 
replaced  by  an  epitaxially  grown  antireflection  (AR)  coating.  An 
external  mirror  having  a  50-mm  radius  of  curvature  completes 
the  resonator  in  a  near  hemispherical  configuration.  Mode  spec¬ 
tra,  input-output  curves,  and  polarization  properties  of  the  device 
are  presented. 


I.  Introduction 

VERTICAL-CAVITY  surface-emitting  lasers  (VCSEL’s) 
are  technologically  important  because  of  their  low  thresh¬ 
old  [1],  excellent  beam  quality  [2],  and  potential  for  chip-to- 
chip  communications  [3].  Various  authors  have  investigated 
VCSEL  tuneability  [4],  mode  dynamics  [5],  spectral  linewidths 
[6],  and  polarization  properties  [7]-[9].  In  addition  to  their 
technological  relevance,  VCSEL’s  are  also  interesting  from 
a  fundamental  physics  perspective  because  their  small  size 
gives  rise  to  microcavity  effects  such  as  modified  spontaneous 
emission  [10]. 

While  monolithic  fabrication  of  the  VCSEL  is  essential 
for  many  device  applications,  experimental  studies  of  VCSEL 
characteristics  and  associated  microcavity  physics  can  be  aided 
by  external  cavity  operation  allowing  a  continuous  transition 
from  microcavity  (L  ~  A)  to  macrocavity  (L  >  A)  operation 
and  permitting  additional  optical  components  in  the  cavity 
such  as  a  Brewster  angle  plate  for  polarization  control  or  an 
intracavity  etalon  for  tuning  control.  An  extended  cavity  length 
should  also  lead  to  a  narrower  linewidth  laser  as  a  consequence 
of  the  higher  cavity  quality  factor  Q.  Yokouchi  et  at.  [4]  have 
reported  external  cavity  operation  of  a  VCSEL  at  cryogenic 
temperatures  (77  K)  with  a  nearly  microscopic  cavity  that 
precluded  additional  cavity  optical  elements.  The  work  pre¬ 
sented  here  demonstrates  room-temperature,  optically-pumped 
external-cavity  operation  with  a  macroscopic  (50  mm)  cavity 
length. 

The  epitaxial  structure  of  the  external-cavity  VCSEL  is 
shown  in  Fig.  1.  The  bottom  stack  is  a  standard  high  reflector 
(HR)  composed  of  alternating  quarter  wavelength  layers  of 
AlAs  and  Alo.25Gao.75As,  with  a  theoretical  reflectance  of 
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Fig.  1.  Epitaxial  growth  stack  for  external  cavity  surface-emitting  laser 
showing  the  AR  coat  (top  section),  gain  region  (middle  section),  and  high 
reflector  (bottom  section). 


99.8%  at  the  860-nm  laser  design  wavelength.  The  gain  region 
contains  thirty  (30)  10-nm-thick  GaAs  quantum  wells  with  the 
Alo.2Gao.8As  barrier  thickness  chosen  to  satisfy  the  standing 
wave  criterion  while  accounting  for  quantum  well — barrier 
reflections  [11]. 

The  final  antireflection  (AR)  stack  minimizes  reflectance 
between  air  and  the  gain  region  to  avoid  coupled  cavity 
oscillations.  The  higher  A1  composition  in  both  the  HR  and 
AR  regions  provides  a  spectral  window  allowing  pumping  into 
the  barrier  and  quantum  regions.  To  test  the  quality  of  the  AR 
coating,  we  grew  the  AR  stack  sequence  indicated  in  Fig.  1 
over  a  1-fim  thick  Al0.2Ga0.sAs  layer  on  a  GaAs  substrate. 
The  minimum  measured  reflectance  was  0.05%  at  858.5  nm. 

Fig.  2  shows  the  predicted  (accounting  for  both  dispersion 
and  absorption  [12])  and  measured  reflectance  spectra.  The 
spectrum  is  radically  different  from  a  conventional  VCSEL  in 
that  there  is  no  region  of  high  reflectance,  and  the  resonance  re¬ 
flection  dip  is  very  broad.  These  differences  are  due  to  the  AR 
coating  that  eliminates  Fabry-Perot  modes  and  the  multiple- 
quantum-well  region  absorption  that  screens  out  reflections 
from  the  HR  stack.  The  predicted  reflectance  spectra  is  a  poor 
match  to  the  measured  reflectance  spectra.  We  do  not  expect  a 
good  fit  in  the  spectral  region  700-860  nm  because  the  model 
used  to  predict  the  reflectance  spectra  treats  the  quantum  wells 
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as  having  the  absorption  profile  of  bulk  GaAs,  a  crude  estimate 
to  the  true  absorption  lineshape  [13]. 

The  external  cavity  is  a  near  hemispherical  resonator  using 
a  50-mm  radius-of-curvature  external  output  coupler  dielectri¬ 
cally  coated  to  have  ~99.8%  reflectance  at  860  nm.  Excitation 
is  accomplished  with  file  715-nm  output  beam  from  a  CW  ring- 
dye  laser  focused  to  a  beam  waist  (1/e2  radius  in  intensity)  w 
of  10-15  /nm  with  50  mW  incident  on  the  wafer  at  threshold. 
This  yields  a  pump  power  density  of  ~20  kW/cm2,  comparable 
[14]  to  monolithic  VCSEL’s. 

Fig.  3  shows  an  average  of  five  light-light  input-output 
curves  under  both  pulsed  (8%  duty  cycle,  70  ms  pulses)  and 
CW  conditions.  Output  power  is  that  observed  through  the 
output  coupler,  input  power  is  that  incident  on  the  wafer, 
uncorrected  for  reflection.  Note  the  lasing  threshold  at  Pth  ~ 
50  mW.  Heating  effects  are  believed  responsible  for  the  de¬ 
crease  in  output  power  beyond  ~1.8  xPth*  The  device  op¬ 
erates  at  room  temperature,  and  no  attempts  have  been  made 
to  heat  rink  die  wafer  beyond  backside  contact  mounting  to  a 
copper  block.  The  improved  repeatability  of  the  input-output 
curve  during  pulsed  operation  compared  to  CW  operation 
indicates  that  heating  plays  a  large  role.  The  reason  the  pulsed 
input-output  curve  does  not  rise  as  high  as  the  CW  curve 
is  probably  that  the  resonator  alignment  was  optimized  for 
low  threshold  under  CW  conditions.  The  low  output  power 
(^20  /iW)  is  due  to  severe  undercoupling.  Since  measure¬ 
ments  of  die  lasing  risetime  (~  150  ns)  indicate  a  gain  of  ~800 
an-1,  we  could  operate  with  an  output  coupling  of  reflectance 
98%  instead  of  the  current  99.8%. 

The  lasing  mode  spectrum  was  measured  using  a  1-m 
double-pass  spectrometer.  The  typical  spectrum  shown  in 
Fig.  4(a)  was  observed  for  100  mW  of  incident  pump  power. 
The  measured  spacing  of  the  modes  is  7.4  ±  0.6  pm,  which 
agrees  with  the  A2/2 L  resonator  longitudinal  mode  spacing. 
While  it  cannot  be  determined  from  the  mode  spectrum 
whether  all  of  the  observed  modes  are  longitudinal,  as  the 
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Hg.  4.  Lasing  mode  spectra  from  the  external-cavity  surface-emitting  laser 
showing  multimode  operation  under  (a)  open  aperture  and  (b)  6-ram  aperture 
conditions. 


even  transverse  modes  are  degenerate  with  the  longitudinal 
modes  in  this  hemispherical  cavity  configuration,  a  Gauss¬ 
ian  fit  to  a  linefinder  trace  of  the  lasing  beam  shown  in 
Fig.  5  indicates  that  operation  is  primarily  TEMqo  mode.  This 
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Transverse  Distance  (mm) 

Fig.  5.  Linefinder  trace  of  the  output  lasing  beam  from  the  external-cavity 
surface-emitting  laser  (solid  line)  and  fit  to  a  Gaussian  shape  (dotted  line), 
indicating  TEMoo  operation. 

mode  profile  was  recorded  under  conditions  of  high  pump 
power  (~500  mW)  in  an  earlier  experimental  configuration. 
Fluctuations  in  cavity  length  can  initiate  lasing  on  multiple 
longitudinal  modes,  and  these  mode  spectra  were  observed 
without  taking  special  care  to  ensure  a  stable  cavity  length. 
However,  similar  mode  spectra  have  been  measured  under 
conditions  where  the  cavity  length  did  not  change  by  more 
than  20%  of  the  lasing  wavelength  as  measured  by  an  adjacent 
HeNe  Fabiy-Perot.  Thus,  we  do  not  believe  fluctuations  in 
cavity  length  are  the  source  of  the  multimode  operation.  In 
another  experiment,  we  inserted  a  6-mm  diameter  intracavity 
aperture  just  before  the  external  mirror.  The  diameter  of  the 
lasing  beam  on  the  external  mirror  depends  sensitively  on  the 
cavity  length,  theoretically  varying  from  1-3  mm  as  the  cavity 
length  changes  from  49.9-49.999  mm.  The  aperture  reduced 
the  number  of  oscillating  modes  as  shown  in  Fig.  4(b).  The 
two  spectra  (Fig.  4(a)  and  (b))  have  been  realigned  because 
the  spectrometer  is  not  reproducible  in  absolute  wavelength 
on  this  scale.  A  similar  reduction  in  the  number  of  modes 
can  be  observed  by  reducing  the  pump  power.  The  multimode 
operation  and  the  effects  of  the  aperture  are  not  yet  well 
understood. 

Although  an  unstrained  AlGaAs  crystal  should  have  no 
polarization  selectivity,  most  reports  are  that  the  lowest  order 
mode  from  a  standard  VCSEL  is  highly  linearly  polarized 
along  a  (110)  crystal  axis,  higher  order  modes  being  orthogo¬ 
nally  polarized  [7].  We  also  find  lasing  to  be  linearly  polarized 
along  a  (110)  crystal  axis.  Since  there  are  no  polarization 
selective  optics  in  the  cavity  and  no  possibility  of  anisotropic 
process-induced  strain,  the  polarization  must  be  due  to  some 
property  of  the  wafer.  Inserting  an  etalon  into  the  cavity  as  a 
Brewster  surface  at  45°  to  the  (110)  direction  forces  rotation 
of  the  lasing  polarization.  Further  experiments  will  study  the 
variation  in  threshold  as  the  Brewster  surface  is  rotated. 


n.  Summary 

We  have  demonstrated  the  first  operation  of  a  room  temper¬ 
ature  CW  external-cavity  surface-emitting  laser.  The  operation 
is  highly  multilongitudinal  mode  while  maintaining  a  high 
degree  of  linear  polarization  and  a  TEMoo  transverse  mode 
profile  over  the  entire  range  of  pump  powers.  The  capability  of 
inserting  polarization  and  mode  control  elements  in  the  cavity 
will  allow  both  study  of  the  physics  of  the  RPG  gain  structure 
and  applications  requiring  tunable,  single-frequency  radiation. 
Future  experiments  will  also  investigate  microcavity  effects  in 
surface-emitting  lasers  with  the  cavity  length  as  a  parameter. 
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In  the  above  paper,1  we  claimed  that  this  publication  reported  the 
first  room-temperature,  external-cavity  operation  of  a  surface-emitting 
laser.  We  have  since  learned  of  the  work  of  G.  C.  Wilson  et  aL  [1], 
[2]  whose  reports  of  an  electrically-pumped  room-temperature  CW 
external-cavity  surface-emitting  laser  predate  our  work.  We  would 
like  to  thank  Dr.  G.  C.  Wilson  for  pointing  out  this  omission. 
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A  noncontact  temperature  measurement  technique,  diffraction-order  analysis,  based  on  monitoring 
the  change  in  diffraction  angle  from  a  grating  as  a  result  of  thermal  expansion,  is  described  and 
results  for  both  Si  and  GaAs  are  presented.  Two  incident  beams  are  used  to  provide  a  differential 
measurement,  independent  of  wafer  tilt.  Image  processing  techniques  are  used  to  calculate  the 
relative  temperature  in  near  real  time  from  the  optical  signals.  Good  agreement  between  optical  and 
the  thermocouple  temperature  measurements  is  obtained,  with  an  accuracy  and  precision  of  ±0.3  °C 
demonstrated  over  a  20-600  °C  temperature  range  for  a  GaAs  sample.  Analysis  of  the  effects  of  all 
six  rigid-body  motions  of  the  wafer  on  the  measurement  is  presented.  The  measurement  is 
independent  of  all  translational  motions;  rotational  motions  (pitch,  roll,  and  yaw)  can  all  be 
monitored  with  the  same  measurement  scheme  and  the  temperature  measurement  corrected  for  their 
effects.  In  many  applications  in  semiconductor  manufacturing,  wafers  are  rotated  to  ensure 
uniformity.  The  diffraction-order  analysis  technique  is  demonstrated  for  a  rotating  wafer  with  a  3a 
precision  of  1.95  °C.  ©  1996  American  Vacuum  Society. 


I.  INTRODUCTION 

Precise  and  accurate  temperature  measurements  are  re¬ 
quired  in  many  industrial  applications.  Specifically  in  the 
semiconductor  industry,  temperature  control  is  needed  for  a 
wide  range  of  processes  including  epitaxy,  ion  implantation, 
annealing,  oxidation,  dielectric  deposition,  etching,  etc.  The 
drive  to  smaller  dimensions  is  resulting  in  increased  use  of 
highly  nonequilibrium  rapid  thermal  processes  for  which  ac¬ 
curate  (~1  °C),  real-time  (milliseconds  to  seconds)  tempera¬ 
ture  measurement  assumes  increased  importance.  Ideally,  a 
temperature  measurement  should  be  noncontact,  nonintru- 
sive,  inexpensive,  and  broadly  applicable  throughout  a  range 
of  manufacturing  processes. 

Thermistors  and  thermocouples  are  direct  contact  meth¬ 
ods  of  temperature  measurement.  Because  of  the  requirement 
for  physical  contact  with  the  surface,  they  are  best  suited  for 
calibration  rather  than  real-time  process  control.  Three 
classes  of  noncontact  measurements  are  blackbody  radiation, 
band  gap  variation,  and  thermal  expansion.  The  most  widely 
used  noncontact  temperature  probe  is  pyrometry,  which  is 
based  on  analysis  of  the  optical  emission  from  a  hot  surface.1 
Pyrometers  depend  on  two  main  variables:  field  of  view,  and 
material  optical  properties  such  as  refractive  indices  and 
emissivity.2,3  Problems  occur  when  using  transparent  objects. 
Both  the  refractive  index  and  the  emissivity  of  the  object 
must  be  known  to  obtain  accurate  temperature  readings.  Ad¬ 
ditionally  in  semiconductor  processing,  patterned  layers  are 
grown  and  deposited  on  the  wafer  affecting  the  emissivity 
value,4  even  during  the  process  that  is  being  monitored. 
Monitoring  of  the  reflectivity  of  opaque  materials  provides  a 
real-time  measure  of  emissivity  which,  coupled  with  pyrom- 
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etry,  is  a  promising  approach  to  reducing  these  uncertain¬ 
ties.4  This  remains  a  critical  issue  for  blackbody  radiation 
methods. 

Semiconductor  band  gaps,  and  more  generally  dielectric 
functions,  are  highly  temperature  dependent,  providing  an¬ 
other  optical  probe  of  temperature.  Optimally,  the  measure¬ 
ment  is  made  in  transmission,5  although  double  pass  trans¬ 
mission  and  reflection  from  the  second  surface  have  also 
been  successful.6  The  patterned  structures  in  Si  manufactur¬ 
ing,  the  rough  back  surface,  and  the  competition  from  free 
carrier  absorption  at  higher  temperatures  all  limit  the  appli¬ 
cability  of  these  techniques. 

Optically  monitored  thermal  expansion  techniques  share 
many  of  the  principal  advantages  of  pyrometry:  absence  of 
physical  contact,  simplicity,  accuracy,  and  speed.  Of  impor¬ 
tance,  thermal  expansion  is  dependent  primarily  on  the  prop¬ 
erties  of  the  bulk  material  and  is  relatively  independent  of 
the  mechanical  and  optical  properties  of  the  films  used  in 
manufacturing,  including  any  changes  in  emissivity.  The 
only  requirement  is  that  the  thermal  expansion  properties  of 
the  material  need  to  be  well  characterized.  In  recent  years, 
several  temperature  sensing  schemes  based  on  thermal  ex¬ 
pansion  of  semiconductor  wafers  have  been  developed. 
Donnelly7  developed  an  infrared  (IR)  interferometric  tech¬ 
nique  based  on  transmission  through  the  wafer.  This  method 
requires  both  sides  of  the  wafer  to  be  polished,  is  limited  at 
high  temperatures  by  free  carrier  absorption,  and  is  also  sus¬ 
ceptible  to  process  variations  due  to  either  topography  or  thin 
film  interference  effects.  Zaidi,  Brueck,  and  McNeil8  devel¬ 
oped  a  temperature  measurement  scheme  based  on  projection 
moire  interferometry  requiring  a  grating  on  the  Si  wafer. 
Lang  et  al9  developed  signal  processing  techniques  to  ex¬ 
tend  these  measurements  to  real-time  applications.  Burckel, 
Zaidi,  and  Brueck  have  also  reported  on  a  subfeature  speckle 
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d  (grating  period) 


Fig.  1.  Experimental  configuration  for  grating  temperature  measurement. 


technique  that  takes  advantage  of  the  rough  wafer  backside 
surface.10 

In  many  processing  steps,  the  wafer  is  rotated  to  ensure 
uniformity.  While  this  does  not  affect  the  pyrometry  and 
band  gap  measurement  temperature  probes,  clearly  it  has  a 
large  impact  on  the  thermal  expansion  techniques.  In  this 
article,  we  report  an  extension  of  the  work  of  Zaidi  et  al .8  to 
rotating  wafers  for  applications  such  as  molecular  beam  ep¬ 
itaxy  and  rapid  thermal  processing  where  wafer  rotation  is  a 
standard  feature.  Additionally,  we  present  analyses  of  the  ef¬ 
fects  of  all  six  rigid-body  mechanical  motions  of  the  wafer 
on  the  temperature  measurement. 


II.  DIFFRACTION  TECHNIQUE 

The  coefficient  of  linear  expansion  a  is  defined  as 
1  dL 

a(-T^~LdT’  ^ 

where  or  is  a  function  of  temperature,  and  L  is  the  length  of 
the  sample. 

Our  temperature  measurement  method  monitors  the  ther¬ 
mal  expansion  of  a  grating.  The  diffraction  of  the  grating  is 
governed  by  the  grating  equation 

mX 

sin  0m=sin  +  — ,  (2) 


where  d  is  the  grating  period,  X  is  the  incident  light  wave¬ 
length,  $i  is  the  incident  angle,  m  is  the  order  of  the  diffrac¬ 
tion,  and  6m  the  diffraction  angle  for  the  mth  order.  The 
change  in  angular  position  of  the  diffraction  order  with  tem¬ 
perature  is  given  by 


maX 
d  cos  6m 


AT. 


(3) 


The  diffraction  angles  are  sensitive  to  both  temperature  [Eq. 
(3)]  and  wafer  tilt  [Eq.  (2)].  As  will  be  shown  below,  the 
geometry  of  Fig.  1,  in  which  two  beams  are  incident  on  the 
sample  at  equal  and  opposite  angles,  provides  a  differential 
measurement  that  is  independent  of  tilt  to  first  order.  The 
angle  between  the  two  diffracted  beams  (A3>)  is  given  by 


A<I>  =  A0' +  A0'  =  — 

tn  n 


maX 
d  cos  B’m 


naX  \ 
d  cos  6rn ) 


AT, 


(4) 


where  A  9'm{A  6rn)  is  the  angular  change  of  the  beam  origi¬ 
nating  from  mth  order  (nth  order)  diffraction  of  the  left 
(right)  incident  beam. 

For  the  experiment  reported  here,  the  grating  period,  op¬ 
tical  wavelength,  and  incident  angle  are  chosen  so  that  the 
—  1  diffraction  orders  emerge  approximately  normal  to  the 
wafer  surface.  That  is  m  =  n  =  - 1 ,  cos  6m = cos  0n «*  1 ,  and 


2a\ 

~7~ 


A  T 


and 


2\aDAT 
Ay^DAQ)** - - - 


(5) 


where  Ay  is  the  change  in  the  separation  of  the  two  diffrac¬ 
tion  spots  in  the  detection  plane  at  a  distance  D  from  the 
grating. 

Solving  for  A  T 

Tf^Ti+2^D{yf~yt)'  (6) 

where  Ti9Tf  are  the  initial  and  final  temperatures  and  yf-, 
are  the  initial  and  final  spot  separations,  respectively.  If  the 
temperature  change  is  sufficiently  large,  Eq.  (6)  must  be  in¬ 
tegrated  to  allow  for  the  temperature  dependence  of  a(T). 


III.  EFFECTS  OF  WAFER  RIGID-BODY  DEGREES 
OF  FREEDOM 

The  six  rigid-body  motions  of  the  sample  are  (1)  transla¬ 
tion  along  the  x  axis,  (2)  translation  along  the  y  axis,  (3) 
translation  along  the  z  axis,  (4)  rotation  around  the  x  axis 
(pitch),  (5)  rotation  around  the  y  axis  (roll),  and  (6)  rotation 
around  the  z  axis  (yaw).  The  coordinate  system  relative  to 
the  measurement  scheme  is  shown  in  Fig.  1. 

(1),  (2)  Translation  along  the  x  or  y  axis.  This  will  not 
have  any  effect  on  the  angular  position  of  the  diffracted 
beams  as  long  as  the  incident  beam  remains  on  the  grating 
area. 

(3)  Translation  along  the  z  axis.  The  z  translation  does 
not  change  the  incident  angle,  so  the  diffraction  angles  are 
unaffected  by  the  translation.  The  only  change  is  in  the  dis¬ 
tance  between  the  sample  and  the  observation  plane  from  D 
to  Df  and,  as  long  as  this  change  is  veiy  small  relative  to  D, 
there  is  no  effect  on  the  temperature  determination. 

(4)  Rotation  around  the  x  axis  (pitch).  Figure  2  shows  the 
effect  of  out-of-plane  rotation  or  tilt  of  the  sample  around  the 
x  axis,  the  direction  of  the  grating  lines.  Before  the  tilt,  the 
incident  angles  of  the  two  symmetrically  incident  beams  are 
both  0f.  If  the  sample  tilts  a  small  angle  & ;  the  incident 
angles  become  0\— >  0,+  S  and  0-’— ►  0;—  S.  The  grating  equa¬ 
tions  become 
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Fig.  2.  Effect  of  sample  tilt  (pitch). 


0  !_ !  =  sin  1[sin(0/+  8)-\/d], 
and 

6  rLl-sm~l[$in(0i-S)-\/d].  (7) 

The  angle  between  the  two  - 1  diffraction-order  beams  is 
$  =  6  L  i  +  0  H  i  and  the  centroid  angle  between  the  two  dif¬ 
fracted  beams  before  tilt  and  after  tilt  is  ^  =  ( 0  L  x  -  9  Lj)/2. 
Expanding  to  lowest  order  in  S  gives 

X<52 
s=  o+  — 

and 

(8) 

As  claimed  above,  the  measurement  is  differential,  that  is, 
the  change  in  the  spot  separation  is  second  order  in  the  tilt 
angle,  S.  Further,  the  centroid  of  the  two  spots  provides  a 
first-order  measurement  of  S,  allowing  correction  of  the  tem¬ 
perature  measurement. 

(5)  Rotation  around  the  y  axis  (roll).  Rotation  of  the 
sample  around  the  y  axis  will  shift  both  diffracted  beams  to 


b. 
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Rotation  k,sine, 
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-k^inGI 
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-g 


Ax=D(r+n/k, 


After 
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>• 


Fig.  3.  (a)  Demonstration  of  rotation  around  the  grating  axis  (yaw),  (b) 
Vector  analysis  for  evaluating  the  effect  of  yaw. 


the  side  without  affecting  the  separation  between  them.  The 
motion  of  the  centroid  of  the  two  diffracted  beams  provides  a 
simple  measurement  of  the  y  rotation. 

(6)  Rotation  around  the  z  axis  (yaw).  Figure  3(a)  shows 
how  the  - 1  diffraction-order  beams  move  when  the  sample 
is  rotated.  Figure  3(b)  shows  the  resultant  wave  vectors  for 
this  situation.  Here  k=2irl\ ,  g-lirld,  /  =  (27t/\)  sin  0_j 
are  the  incident  beam  wave  vector,  the  grating  wave  vector, 
and  the  wave  vector  of  the  - 1  diffraction  order,  respectively. 
Momentum  conservation  demands; 

l=k  sin  0,-g.  ||jf  $ 

Before  the  sample  rotation  these  thre 
the  vector  relationship  becomes  a  si 
ship.  After  sample  rotation  by  an  angle  y,  these  three  vectors 
form  a  triangle  and 

l2=(k  sin  6i)2+g2-2gk  sin  0,  cos  y.  (10) 

Denoting  the  separation  between  the  diffracted  beams  by  Sy, 
we  have 


are  aliened,  so 


Sips. 

».?  >  V 

>e  ve£t< 

mple  algebraic  relation- 


(1I) 

Note  that  y  is  readily  measured  by  the  change  in  the  angle  of 
the  vector  connecting  the  two  diffracted  beam  spots  in  the 
detection  plane.  Then,  using  Eq.  (11),  Syy^  0  can  be  evalu¬ 
ated,  eliminating  the  dependence  on  rotation  from  the  tem¬ 
perature  determination.  While  this  correction  is  second  order 
in  the  rotation  angle  y,  the  presence  of  the  large  factor  D 2 
makes  this  a  very  significant  effect  that  must  be  monitored 
and  corrected  for  in  the  temperature  measurement. 

In  summary,  the  symmetry  of  the  two  beam  measurement 
eliminates  much  of  the  dependence  on  sample  rigid-body 
motion.  The  measurement  is  independent  of  all  three  trans¬ 
lational  motions  and  of  rotation  around  the  y  axis  (roll).  The 
differential  measurement  is  dependent  only  in  second  order 
on  rotation  around  the  x  axis  (pitch)  and  this  dependence  can 
be  readily  corrected  by  monitoring  the  motion  of  the  beam 
spot  centroid.  Finally,  the  dependence  of  the  measurement  on 
rotation  of  the  sample  about  the  z  axis  (yaw)  can  be  elimi¬ 
nated  by  monitoring  the  vector  direction  between  the  dif¬ 
fracted  spots  in  the  detection  plane. 


IV.  EXPERIMENTAL  RESULTS 

A.  Nonrotating  sample  temperature  measurement 

The  experimental  setup  is  shown  in  Fig.  4.  Samples  of 
either  Si  or  GaAs  with  interferometrically  defined  1.0  /zm 
period  gratings  (4X4  mm2  area)  etched  into  the  material  are 
placed  inside  a  vacuum  chamber  on  a  quartz  submount  and 
radiatively  heated  with  a  Nichrome  wire  heater.  A  He-Ne 
laser  beam  (\=633  nm)  is  split  into  two  parts  which  are 
incident  at  angles  ^±39.25°  to  the  normal  such  that  —1 
orders  diffracted  from  the  grating  are  approximately  normal 
to  the  sample.  For  an  independent  reference  with  the  optical 
technique,  a  thermocouple  is  cemented  to  the  sample.  The 
two  diffracted  beams  are  detected  by  a  charge  coupled  device 
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Fig.  4.  Experimental  setup  for  temperature  measurement. 


(CCD)  camera  and  data  analysis  is  performed  on  a  personal 
computer  with  a  commercial  image  analysis  board.9 

Recalling  Eq.  (6),  die  initial  separation  yt ,  initial  tempera¬ 
ture  T;,  a(T),  the  grating  period  d,  and  distance  from 
sample  to  camera  D  are  needed  to  evaluate  the  final  tempera¬ 
ture.  The  initial  temperature  Tl  is  obtained  from  the  thermo¬ 
couple.  The  initial  separation  y,  is  obtained  from  the  first 
frame  processed.  The  grating  period  d  can  be  accurately 
measured  by  measuring  the  Littrow  angle  for  a  He-Ne  laser 
sburce.  D  is  measured  by  illuminating  the  entire  grating  area 
and  fitting  the  resultant  (sin  xlxj2  diffraction  intensity  pat¬ 
tern.  For  silicon,  oi{T)  has  been  well  established  in  the  tem¬ 
perature  region  of  interest,  20-1000  °C.U  The  functional  3 
form  of  a  used  for  calculating  Tf  is  given  by 

asi(r)  =  [3.725(1  -e-5-88xl0'3(r-124))  +  5.548X  10~4T] 
X10_6(K_1).  (12) 

For  GaAs,  Blakemore’s  results  for  the  thermal  expansion 
coefficient12  are  used,  viz., 

«GaAs(7’)  =  (4-24+5.82X  1<T3T-2.82X  lO^T2) 

X10"6(K_1).  (13) 

Figure  5  shows  temperature  versus  time  curves  for  a 
GaAs  sample  for  three  settings  of  the  heater  current.  The 
solid  curves  are  from  the  thermocouple  and  the  experimental 
points  from  the  optical  temperature  measurement.  The  agree¬ 
ment  between  the  thermocouple  tuid  optical  expansion  mea¬ 
surements  of  the  wafer  temperature  is  excellent. 

To  estimate  the  precision  of  the  optical  technique,  repeat¬ 
ability  measurements  were  carried  out  at  room  temperature. 
Figure  6  illustrates  the  precision  of  the  optical  and  thermo¬ 
couple  measurements.  A  repeatability  of  ±0.3  °C  is  achieved 
for  the  grating  expansion  technique.  Note  that  the  thermo¬ 
couple  values  (solid  line)  are  averaged  over  1000  readings 
while  the  optical  measurement  is  not  averaged.  Significantly 
improved  precision  could  be  obtained  with  the  simple  hard¬ 
ware  substitution  of  an  integrating  camera  system  to  average 
the  optical  image  during  the  signal  processing  times. 


Fig.  5.  Comparison  of  optical  and  thermocouple  measurements  of  the  tem¬ 
perature  vs  time  for  several  final  temperatures  using  the  temperature  depen¬ 
dence  of  GaAs  expansion  coefficient  given  in  Ref.  11. 


B.  Rotating  sample  temperature  measurement 

In  many  of  the  potential  applications  for  this  tern 
measurement  technique  in  semiconductor  manufactu: 
ng  rapid  thermal  mo^ec 

pftidBss  unlit 

extra  complexity  into  the  data  acquisition  and  analysis.  Sev 
eral  variations  on  the  optical  system  were  explored.  For  these 
experiments,  the  wafer  was  mounted  off-axis  on  a  rotating 
platen;  glass  slides  were  used  to  isolate  the  sample  from  the 
metal  platen.  A  radiative  heater  was  positioned  radially  so 
that  the  sample  passed  under  the  heater  on  each  revolution. 


ifrnify.13  Rotation  of  the  substrate  introduces  an 
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Fig.  6.  A  measurement  precision  of  ±0.3  °C  is  achieved  around  room  tem 
perature. 
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Fig.  7.  Two  alternate  geometries  used  for  temperature  measurements  on 
rotating  samples.  Geometry  (a)  uses  one  laser  but  requires  a  line  of  sight 
between  the  two  beam  paths.  Geometry  (b)  uses  two  separate  lasers. 


The  much  lower  heating  duty  cycle  meant  that  the  accessible 
temperature  range  was  much  lower  than  in  the  nonrotating 
case  where  a  cw  heater  was  used. 

The  first  setup  used  for  the  rotating  temperature  measure¬ 
ment  is  shown  in  Fig.  7(a).  As  the  sample  rotated  under  the 
laser  at  a  speed  of  2  Hz,  the  diffracted  beams  move  across 
the  CCD  array  leaving  streaks  as  they  pass  in  opposite  direc¬ 
tions.  The  trajectories  of  the  two  moving  spots  in  the  detec¬ 
tion  plane  obey  the  parametric  relations 


(15) 


Fig.  9.  CCD  camera  image  of  the  spot  trajectories  for  the  geometry  of 
Fig.  7(a). 

These  trajectories  are  plotted  in  Fig.  8  for  parameters  similar 
to  those  of  the  experiment.  In  Fig.  8,  the  dashed  lines  repre¬ 
sent  the  spot  trajectories,  Z  is  the  instantaneous  distance  be¬ 
tween  the  two  spots  at  one  point  in  the  scan  (denoted  by  the 
closed  circles),  and  L  is  the  desired  distance  between  the 
spots  when  the  grating  lines  are  perpendicular  to  the  detec¬ 
tion  plane.  The  data  acquisition  system  continuously  moni¬ 
tors  the  diffraction-order  separation.  Frames  were  taken  at 
TV  rate  (1/30  s)  and  averaged  in  real  time;  note  that  a  trig¬ 
gered  system  would  eliminate  the  many  frames  with  no  dif¬ 
fraction  orders  and  improve  the  system  signal  to  noise.  After 
90  frames  (3  s)  an  image  (as  shown  in  Fig.  9)  was  transferred 
to  the  computer  for  calculation  of  the  separation  of  the  dif¬ 
fraction  orders.  The  separation  was  calculated  by  taking  a 
horizontal  scan  line  across  the  center  of  the  monitor.  Note 
that  this  is  much  simpler  than  the  nonrotating  case  since 
previously  a  two-dimensional  problem  had  to  be  solved  to 
account  for  wafer  and  mount  rotations  during  heating.  In  the 
rotating  case,  the  grating  is  always  in  the  correct  orientation 
at  one  point  during  the  revolution  and  image  analysis  reduces 
to  a  one-dimensional  (ID)  problem.  Signal  processing  takes 
about  0.5  s  to  calculate  the  distance  between  the  lines,  faster 
than  the  nonrotating  situation.  This  could  be  dramatically 
reduced  by  using  dedicated  hardware  and  software  routines. 


Fig.  8.  Diffraction  spot  trajectories  in  the  detection  plane  under  rotation. 
The  instantaneous  distance  between  the  spots  is  Z;  the  distance  of  closest 
approach,  L,  is  evaluated  by  a  simple  ID  line  scan  across  the  traces.  (The 
closed  circles  represent  the  instantaneous  position  of  the  two  spots  which 
sweep  out  the  trajectory  represented  by  the  open  circles.) 


Time  (s) 

Fig.  10.  Optical  measurement  of  temperature  for  a  rotating  sample  as  the 
heater  is  cycled  on  and  off;  thermocouple  measurements  were  not  taken 
because  of  the  difficulty  of  making  contact  with  the  rotating  sample. 
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Fig.  11.  Precision  of  the  temperature  measurement  on  the  rotating  sample 
near  room  temperature.  The  shaded  bar  is  a  3tr  variation  of  1.95  °C. 

The  limiting  factor  was  rotation  speed  needed  to  get  two 
lines  on  the  monitor.  Note  the  good  qualitative  agreement 
between  the  measured  traces  (see  Fig.  9)  and  the  calculated 
spot  trajectories  (see  Fig.  8). 

Figure  10  shows  measurements  of  the  temperature  versus 
time  with  the  heater  cycled  on  and  off.  Clearly,  the  optical 
measurement  tracks  the  changes  in  temperature.  No  indepen¬ 
dent  thermocouple  temperature  measurement  was  made  be¬ 
cause  of  the  difficulty  of  a  thermocouple  making  contact 
with  the  rotating  wafer.  The  variance  of  the  optical  tempera¬ 
ture  measurement  is  somewhat  larger  than  that  observed 
without  sample  rotation.  In  the  static  case,  the  sample  was 
mounted  in  a  vacuum  chamber,  while  in  the  present  experi¬ 
ments  only  a  foil  box  covered  the  rotation  stage,  sample,  and 
heater.  Air  turbulence  affects  the  current  experiment  more 
seriously.  In  an  actual  MBE  system,  the  wafer  is  in  ultrahigh 
vacuum  (UHV),  so  air  fluctuation  will  not  be  a  problem. 
Thus  little  effort  was  expended  to  improve  this  aspect  of 
these  proof-of-principle  measurements.  The  precision  of  the 
measurement  around  room  temperature  is  illustrated  in  Fig. 
11.  The  standard  deviation  tr  is  0.6  °C.  The  shaded  bar  rep¬ 
resents  a  3<r  variation  of  1.95  °C. 

In  many  actual  processing  systems,  both  optical  access 
and  the  capability  for  mounting  optics  are  severely  limited. 
For  example,  in  MBE  growth,  the  normal  access  port  is  typi¬ 
cally  reserved  for  pyrometry  and  optical  access  is  only  avail¬ 
able  at  large  angles  (75°-85°  from  the  normal).  An  optical 
path  and  experimental  setup  to  address  these  issues  is  shown 
by  Fig.  7(b).  Here  two  laser  sources  are  used  because  of  the 
difficulty  of  adding  optical  components  and  the  lack  of  a  line 
of  sight  between  the  two  opposed  ports  inside  the  MBE  ma¬ 
chine.  One  beam’s  diffraction  order  (-2  in  these  experi¬ 
ments)  and  the  other  beam’s  zero-order  diffraction  (specular 
reflection)  are  directed  to  the  CCD  camera  for  temperature 
measurement.  When  the  sample  is  rotating,  the  image  in  the 
CCD  camera  of  these  two  diffraction  beams  is  one  spot  cor¬ 
responding  to  the  zero-order  diffraction  and  one  line  that  is 
the  diffracted  beam  moving  as  a  result  of  the  wafer  rotation. 
By  calculating  the  separation  of  the  line  and  the  spot,  tem¬ 


perature  was  measured.  The  image  processing  is  the  same  as 
that  of  the  previous  case.  The  function  of  the  zero-order 
beam  is  to  eliminate  the  effects  of  wobble  in  the  MBE  rota¬ 
tion  mechanism  on  the  temperature  measurement.  Recording 
a  camera  frame  only  when  the  diffracted  order  is  present 
(once  each  wafer  rotation),  the  zero-order  beam  provides  in¬ 
stantaneous  information  on  the  wafer  tilt  caused  by  mechani¬ 
cal  wobble  and  by  wafer  expansion.  Again,  the  image  analy¬ 
sis  is  one  dimensional  requiring  only  analysis  of  a  single  line 
scan  that  crosses  both  the  zero-order  spot  and  the  diffracted- 
order  arc.  The  results  in  terms  of  precision  and  temperature 
range  are  very  similar  to  those  obtained  in  the  previous  ex¬ 
perimental  arrangement  (Figs.  10  and  11). 

V.  CONCLUSION 

A  noncontact  temperature  measurement  method  based  on 
optical  interrogation  of  the  thermal  expansion  of  a  yum  scale 
grating  has  been  investigated.  A  near  real-time  system  for  the 
diffraction  grating  method  was  implemented.  Temperature 
accuracy  of  ±0.3  °C  was  demonstrated  for  a  GaAs  sample 
with  4X4  mm2  grating  and  over  the  temperature  range  from 
room  temperature  to  the  GaAs  thermal  decomposition  limit 
of  approximately  600  °C. 

The  effects  of  all  possible  sample  rigid-body  motions 
have  been  analyzed.  The  relevant  rigid-body  rotations  can  be 
monitored  from  the  detected  diffraction-order  spot  positions 
and  the  temperature  measurement  corrected  for  these  mo¬ 
tions  that  often  unavoidably  accompany  heating  of  the  wafer 
and  its  mechanical  support. 

For  simulated  processing  equipment  such  as  MBE,  tem¬ 
perature  was  measured  while  the  sample  rotated.  Several  op¬ 
tical  arrangements  have  been  investigated  with  increasing 
suitability  to  an  actual  MBE  system.  When  the  sample  is 
rotating,  the  trajectory  of  the  diffraction  orders  in  the  detec¬ 
tion  plane  is  lines  rather  than  spots  for  a  static  case.  Using  a 
ID  line  scan  perpendicular  to  the  trajectory  of  the  diffraction 
spots,  the  distance  between  the  two  diffraction  orders  can  be 
calculated  and  the  temperature  measured.  The  signal  process¬ 
ing  is  simpler  and  faster  in  this  case  than  in  the  nonrotating 
case.  Temperature  measurements  were  demonstrated  m  sev¬ 
eral  optical  configurations  from  room  temperature  to 
—100  °C  with  a  demonstrated  precision  of  cr=0.6  °C. 

The  important  information  concerns  the  diffraction  angle, 
not  the  intensity  of  the  diffracted  signal.  This  is  important  in 
many  potential  semiconductor  fabrication  applications  where 
material  is  either  deposited  or  removed  during  the  process. 
The  shape  of  the  grating  grooves  will  change  as  the  process¬ 
ing  continues  affecting  the  diffracted  intensity;  the  period 
and  diffraction  angle,  however,  will  not  be  affected.  Since 
the  area  of  the  grating  can  be  very  small,  any  overall  bowing 
of  the  wafer  due  to  strained  layer  growth  or  thermal  expan¬ 
sion  mismatch  between  the  layers  and  the  substrate  is 
equivalent  to  either  tilt  or  pitch  of  the  wafer  and  can  be 
accounted  for  by  the  general  formalisms  described  above. 

Additional  improvements  that  would  enhance  this  system 
performance  include  use  of  converging  lenses  in  each  beam 
path  before  striking  the  sample  to  reduce  the  diffraction  spot 
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sizes  at  the  detector  plane,  incorporation  of  a  trigger  system 
to  gate  the  camera  only  when  the  diffraction  spots  (lines)  are 
present,  use  of  an  integrating  CCD  camera  for  increased  av¬ 
eraging,  improved  isolation  of  air  turbulence  and  platen 
wobble  during  rotation,  adjustable  optical  systems  to  allow 
both  coarse  and  fine  resolution  settings,  and  rigid  optical 
system  and  precision  grating  periods  to  allow  initial  tempera¬ 
ture  measurements. 

The  results  presented  in  this  article  meet  almost  all  of  the 
requirements  of  a  temperature  measurement  technique  for 
application  in  semiconductor  growth  and  processing.  Suffi¬ 
cient  accuracy  and  precision  for  even  the  most  demanding 
projected  applications  have  been  demonstrated.  The  tech¬ 
nique  is  noncontact,  uses  inexpensive  optical  and  computer 
components,  is  near  real  time,  and  has  relatively  modest  op¬ 
tical  access  requirements.  A  significant  issue  is  the  need  for  a 
grating  structure  on  the  wafer.  Measurements  have  been  car¬ 
ried  out  with  grating  areas  as  small  as  50X50  /jm2.  As  new 
standards  are  developed  for  larger  Si  wafers,  the  measure¬ 
ment  capabilities  offered  by  the  inclusion  of  a  standard  grat¬ 
ing  should  be  considered.  Finally,  there  is  a  need  for  tem¬ 
perature  mapping  across  a  wafer  as  well  as  for  an  absolute 
temperature  determination.  Perhaps  a  sensor  fusion  approach 
is  most  useful  here;  the  grating  technique  can  provide  the 
absolute  temperature  reference  while  pyrometry  or  other 
temperature  measurement  schemes  can  provide  the  required 
temperature  distribution  across  the  wafer.  With  a  stable  opti¬ 
cal  system  and  precision  gratings  manufactured  at  a  known 
wafer  temperature,  the  initial  temperature  of  the  wafer  can  be 
measured  based  on  the  initial  diffraction  spot  measurement. 
Of  importance  is  the  fact  that  the  temperature  measurements 
depend  only  on  the  thermal  expansion  of  the  substrate  and 


are  independent  of  thin-film  emissivity,  band  gap  variation, 
optical  transmission,  and  expansivity.  The  universality  of  this 
measurement  scheme  makes  it  an  attractive  option  for  a 
number  of  critical  temperature  measurement  tasks  in  a  vari¬ 
ety  of  manufacturing  situations. 
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Interferometric  lithography,  the  use  of  interactions  between  coherent  laser  beams  to  define  sub¬ 
wavelength  patterns,  is  well  adapted  to  the  periodic  nature  of  field-emitter  structures.  Techniques  to 
fabricate  sparse  (hole  diameter  to  pitch  ratio  of  1:3  or  larger)  emitter  arrays  to  improve  reliability 
and  lifetime  are  presented.  These  include:  multiple  exposures  at  two  different  pitches;  integration  of 
interferometric  and  optical  imaging  lithography;  and  various  multiple  beam  techniques  that  both 
provide  a  sparse  array  and  result  in  a  two  dimensional  pattern  in  a  single  exposure.  Moire  alignment 
techniques  are  demonstrated  to  provide  a  simple  process  for  aligning  multiple  levels.  Manufacturing 
related  issues  such  as  process  latitude  and  photoresist  profiles  and  their  suitability  for  subsequent 
processing  are  also  discussed.  Exposure-dose  process  control  using  latent  image  monitoring  is 
demonstrated.  ©  1996  American  Vacuum  Society. 


I.  INTRODUCTION  the  smaller  the  gate-to-emitter  distance  and  the  lower  the 

turn-on  voltage,6  a  critical  parameter  for  FEDs  that  strongly 
The  flat-panel  display  market  is  one  of  the  fastest  growing  effects  both  the  overall  efficiency  and  the  cost  of  the  driver 

segments  of  the  electronics  industry.  Field-emission-based  electronics.  Sub-yam  resolution  lithography  also  allows  a  re¬ 
displays1  provide  a  promising  new  technology  for  the  pro-  duction  of  the  area  of  each.)pd^eli  to  i 

duction  of  flat-panel  displays.  Compared  to  liquid  crystal  dis-  ,i%^ratte»n-^duci6g(  the  overlap  cd^a|i 

plays  (LCD),  field-emission  displays  (FED)  offer  a  potential  ®  Itbreofeheigy'  aiiil  ’decreasing  the  cost|t^pr^l|^ 

of  reduced  manufacturing  complexity  and  cost,  incr^<^!jij^Ver  electronics.  This  reduction  in  stored.energy,imijt^p:||  iif. 
brightness,  improved  viewing  angle,  and  reduced  powef  c:oh- 1  reliability  by  decreasing  the  energy  released1  ip '|rB  emitter 

sumption.  Although  the  lithography  demands  for  FEDs,  re-  failure.  Additionally,  high  resolution  lithography  enables 

quiring  sub-yam  critical  dimensions  (CD)  over  very  large  greater  emitter  redundancy,  improving  pixel-to-pixel  unifor- 

fields,  pose  significant  manufacturing  difficulty  in  the  con-  mity  and  requiring  less  current  from  individual  emitters, 

text  of  conventional  lithography,  the  periodic  nature  of  field-  Smaller  area  pixels  also  enable  the  FED  manufacturer  to  pro- 

emitter  structures  is  a  natural  match  to  the  technique  of  in-  duce  higher  resolution  displays. 

terferometric  (holographic)  lithography2'4  which  uses  While  it  is  advantageous  to  increase  the  number  of  emit- 
interfering,  quasi-monochromatic,  coherent  laser  beams  to  ters  a  given  area,  there  is  a  limit  to  the  desirable  density, 
define  patterns  without  requiring  any  masking.  Interferomet-  Failure  of  a  single  tip  is  frequently  accompanied  by  ejection 

ric  lithography  offers  the  capability  for  essentially  unlimited  0f  the  amount  of  which  is  directly  related  to  the 

depth-of-field,  large-area,5  sub-yam  patterning  with  the  use  of  ^  Df  the  emitter,  into  the  space  above  and  around  the  emit- 

simple  and  relatively  inexpensive  optics.  Existing  laser  ler  cavity.  For  display  reliability,  it  is  essential  that  this 

sources  and  photoresists  are  adequate  to  meet  even  the  most  ejected  material  not  affect  the  operation  of  neighboring  emit- 

challenging  scales  (~  0.1  yam  diameter)  presently  being  pro-  ters  whether  this  occurs  depends  on  the  amount  of  material 

posed  for  FEDs.  Development  of  a  large-area,  high-  ejected,  the  stored  capacitive  energy,  and  the  distance  to  the 

throughput,  sub-/am-scale  lithographic  technique  would  be  a  nearest  neighbor  emitter.  For  a  given  amount  of  ejected  ma- 

major  step  towards  realizing  the  promise  of  FEDs.  terial  and  stored  capacitive  energy,  there  is  a  radial  distance 

The  basic  operating  principle  of  field  emitters  is  the  ere-  ^ound  which  the  material  characteristics  will  be  impacted.  If 
ation  of  a  large  electric  field  in  the  vicinity  of  the  emitter  tip  ra(jjus  encompasses  another  emitter  and  triggers  its  de- 

by  controlling  the  sharpness  of  the  tip  and  the  tip-gate  elec-  struction,  the  failure  will  propagate  throughout  the  pixel, 

trode  proximity.  The  sharpness  of  the  emitter  is  determined  Thus,  it  is  essential  that  the  emitter-to-emitter  distance  be 

by  the  process  technique  used  to  form  the  emitter,  while  the  greater  than  the  material  deposition  distance.  The  radial  dis- 

gate-to-emitter  distance  is  determined  by  the  resolution  of  tanrf.  affected  by  a  single  emitter  failure  was  found  to  be 

the  lithographic  tool.  The  higher  the  lithographic  resolution,  ^ound  2.5  yam  for  a  1.0  /am  gate  hole  diameter.  To  provide 

_ some  margin  of  safety,  a  minimum  4  yam  pitch  is  commonly 

•’Also  at  Department  of  Electrical  and  Computer  Engineering.  used.  As  the  emitter  cavity  diameter  is  reduced,  the  amount 

;’Also  at  Department  of  Physics  MdAsttonomy.  emitter  material  is  also  reduced,  and  the  emitter  pitch  can 

d,Electiomc  mail:  brueck@chtm.eece.unm.edu  likewise  be  reduced.  A  rule  of  thumb  is  to  maintain  a  diam- 
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Fig.  1.  Comparison  of  dense  (1:1  linerspace  ratio)  and  sparse  ( 1:3  linerspace 
ratio)  field  emitter  tip  arrays.  The  sparse  arrays  allow  more  significant  un-  ;; 
dercutting  of  the  gate  oxide  lowering  leakage  currents  and  provide  sufficient 
spacing  between  tips  to  minimize  the  chances  of  a  multiple  tip  failure.  The 
dense  arrays  provide  higher  packing  and  current  density. 

eter:pitch  ratio  of  1:4  (This  is  a  linerspace  ratio  of  1:3  in  the 
common  lithographic  terminology.)  Additional  advantages  to 
the  sparse  hole  patterning  are  a  reduction  in  the  tip-gate  ca¬ 
pacitance  and  in  the  gate-emitter  leakage  currents  because  of 
the  possibility  of  a  more  aggressive  undercutting  of  the  gate 
oxide  in  the  fabrication  process.  This  is  not  possible  in  dense 
arrays  (as  shown  in  Fig.  1 )  because  of  the  close  proximity  of 
nearest  neighbor  cavities.  As  will  be  shown  below,  the  most 
common  interferometric  lithography  technique  for  producing 
a  2D  array  of  holes,  double  exposure  of  a  plate  with  two 
gratings  oriented  at  90°  to  each  other,5’6  optimizes  at  1:1 
line:space  ratios.  It  is  difficult  to  control  the  exposure  dose 
for  1:3  line:space  ratios,  and  the  resulting  photoresist  profiles 
are  more  sloped  and  less  effective  for  etch  masking  than 
desirable.  Because  of  the  importance  of  sparse  hole  pattern¬ 
ing  indicated  above,  several  techniques  have  been  developed 
in  this  work  to  implement  the  desired  1:3  line:space  ratio  for 
FED  manufacturing. 

II.  INTERFEROMETRIC  LITHOGRAPHY 

Interferometric  lithography,2-4  the  use  of  interfering  co¬ 
herent  laser  beams  to  write  large  areas  of  sub-micron  struc¬ 
tures,  is  naturally  suited  to  the  production  of  large  fields  of 
emitter  structures.  For  two  plane  waves  symmetrically  inci¬ 
dent  on  a  plate  at  angles  of  ±  0,  a  grating  of  period  d 
=  \/(2  sin  0)  is  produced  with  \  the  laser  wavelength.7  For 
this  single  exposure,  the  exposure  flux  (J/cm2)  as  a  function 
of  position  is  given  by: 

F(*)  =  2/r0[l  +  cos(2A\\*  sin  0)],  (1) 

where  F0  is  the  flux  (intensity  X  duration)  of  the  exposure 
for  each  individual  beam  incident  on  the  sample  and  k-l^rf 
K.  The  grating  lines  are  normal  to  the  .t-axis.  and  the  phase 
term  has  been  arbitrarily  set  to  zero.  A  second  exposure  with 
the  plate  rotated  by  90°  gives  the  array  of  holes.  The  total 
exposure  flux  in  this  case  is  given  by: 

F(x,y)  =  2F0[2  +  cos(2Lv  sin  0)+  cos(2£v  sin  0)], 

(2) 

where  we  assume  the  same  exposure  flux  for  the  second 
exposure.  Figure  2(a)  shows  a  scanning  electron  microscope 


Fig.  2.  (a)  Dense  photoresist  array  of  0.5-/um  holes  on  1-^tm  pitch  produced 
using  a  488  nm  Ar-ion  laser  source,  (b)  Dense  photoresist  array  of  0. 18-/xm 
holes  on  a  0.36-/zm  pitch  produced  using  a  third-  harmonic  (355  nm)  YAG 
laser  source. 

(SEM)  image  of  a  dense  array  of  0.5-£tm  diameter  holes  in 
photoresist  on  a  l-/mi  pitch  produced  using  a  488-nm  Ar-ion 
laser.  A  dense  array  of  0.18-/xm  holes  on  a  0.36- Atm  pitch 
has  also  been  demonstrated  using  the  third-harmonic  radia¬ 
tion  (355  nm)  from  a  YAG  laser  as  shown  in  Fig.  2(b).  The 
image  below  the  figures  shows  the  sequence  of  exposures, 
the  **&"  separates  two  independent  exposures.  As  will  be 
shown  below,  the  process  latitude  for  this  double  exposure 
technique  optimizes  at  a  1:1  line:space  ratio  and  it  is  difficult 
to  control  the  exposure  to  deviate  significantly  from  equal 
lines  and  spaces. 

III.  TECHNIQUES  FOR  THE  DEFINITION  OF 
SPARSE  HOLE  ARRAYS 

Methods  of  multiple-beam,  multiple-exposure  interfero¬ 
metric  lithography  and  integration  of  interferometric  lithog¬ 
raphy  with  imaging  optical  lithography  to  fabricate  sparse 
hole  arrays  are  presented.  Moire  patterns  arise  from  multiple- 
beam  interference  and  the  superposition  of  multiple  exposure 
patterns.  Techniques  similar  to  the  moire  alignment  process 
we  previously  developed8  are  applied  to  the  required  align¬ 
ment  during  sparse  hole  fabrication. 

A.  Double  exposure  pair  with  two  different  pitches  in 
each  direction 

A  double  exposure  pair  refers  to  two  exposures  in  the 
x -direction  and  two  in  the  y -direction.  The  exposure  dose  for 
each  is  adjusted  so  that  holes  (cleared  photoresist  areas)  are 
formed  only  in  the  region  where  the  combined  flux  of  all 
four  exposures  add  to  more  than  the  clearing  dose.  The  first 
exposure  is  made  at  a  coarse  pitch  (for  example  dx  —  2  /xm) 
and  the  subsequent  second  exposure  at  half  this  pitch  (e.g., 
d2=  1  Aim)  with  the  exposure  doses  adjusted  so  that  only 
every  other  exposed  region  of  the  double  exposure  pair  can 
be  developed  all  the  way  through  the  photoresist.  The  expo¬ 
sure  flux  distribution  as  a  function  of  position  is: 
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2F,[2+  cos(2 kx  sin  0,1+  cosilky  sin  0,)] 

2f\[2+  cosilkx  sin  02  +  fx)+  cosilky  sin  02+<pv)]j’ 


where  the  subscripts  refer  to  the  respective  exposure  fluxes 
and  <px,<py  are  the  phases  of  the  second  exposure  relative  to 
the  first. 

Alignment  signals  for  adjusting  the  second  set  of  expo¬ 
sures  so  that  (px=<pv= 0  were  derived  by  diffraction  from  the 
latent  image  gratings  formed  in  the  first  set  of  exposures. 
Figure  3  shows  the  configuration  for  this  projection  moire 
alignment.  The  incident  angle  02  is  chosen  so  that  the  + 1 
and  - 1  diffraction  orders  of  the  two  incident  beams  from  the 
latent  image  grating  overlap  in  the  direction  normal  to  the 
sample  surface  and  form  a  projected  moire  pattern.  For  our 
TE  polarization  incident  beams,  the  intensity  of  the  moire 
interference  pattern  is  given  by: 

finoire=2l72fr2{1  +  COS[2ir(l/</;>-2/d|).v'<?HA.x)]},  (4) 

where  77  is  the  amplitude  diffraction  efficiency  of  the  latent 
image  grating,  x'  is  the  length  coordinate  in  the  detection 
plane,  0(  Ajc)  is  a  phase  term  which  contains  the  position 
alignment  information.  ld>(kx)  varies  by  2ir  radians  as  the 
wafer  moves  one  period  (d2~~  d  ^/l)  relative  to  the  alignment 
beams.  In  the  detection  plane,  the  moire  pattern  has  a  peri¬ 
odicity  given  by: 

^  ^ -  (5) 

flmoire  dl-2d2  2(sin  02-\/</|) 

For  the  degenerate  case,  sin  &2  =  \ld\  (i.e., 
sin  62=1  sin  6\,  d2=  dxll),  there  is  only  a  single  moire 
fringe.  Adjusting  the  angles  so  that  sin  0:  =  2sin  0,  trans¬ 
verse  position  of  sample  so  that  2  <f>(x)  =  lmir  (m  an  integer) 
gives  one  bright  moire  fringe  and  the  desired  position  for  the 
second  exposure.  Figure  4  shows  a  double  exposure  pair 
(two  in  x,  two  in  v)  pattern  in  a  photoresist  film  on  a  Si  wafer 


Diffraction  Signals 


Fig.  3.  Experimental  configuration  for  projection  moire  alignment.  The  two 
beams  are  incident  on  the  photoresist  latent  image  produced  in  the  first 
exposure.  The  angles  are  adjusted  so  that  there  is  only  a  single  fringe  be¬ 
tween  the  two  diffracted  beams  and  the  sample  position  is  adjusted  so  that 
the  fringe  is  at  maximum  brightness. 


providing  sparse  holes  on  a  1-fx.m  pitch.  The  plateaus  appar¬ 
ent  in  the  figure  are  standing  wave  patterns  in  the  0.5-/xm 
thick  resist.  The  standing  wave  patterns  can  be  eliminated 
with  an  antireflection  coating  (ARC),  at  the  price  of  an  ad¬ 
ditional  processing  step.  The  nonuniformity  evident  in  the 
figure  is  due  to  problems  with  the  photoresist  coating.  The 
low  NA  optical  system  is  simply  not  capable  of  carrying  the 
information  required  to  sustain  varying  hole  diameters  for 
adjacent  features. 

B.  Double  exposures  with  a  processing  step  between 
lithography  steps 

For  the  SEM  picture  shown  in  Fig.  5,  we  began  with  a 
silicon  sample  with  a  0.1-yum-thick  oxide  layer.  A  dense  ar¬ 
ray  of  holes  (0.4- /zm  diameter,  l-^m-pitch)  was  printed  with 
a  single-period  interferometric  exposure  pair  (one  in  x,  one  in 
y)  in  the  resist  and  reactive-ion  etched  using  a  CC12F2  pro¬ 
cess  into  the  oxide  layer  using  the  photoresist  pattern  as  an 
etch  mask.  Following  the  etch  process,  the  first  photoresist 
layer  was  stripped  and  a  second  photoresist  layer  was  spun 
onto  the  wafer.  In  a  second  single-period  interferometric  ex¬ 
posure  pair,  larger  holes  (  1-ju.m  diameter)  were  made.  The 


Fig.  4.  Sparse  array  of  holes  produced  by  double  exposure  pairs  in  the  same 
level  of  photoresist. 
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Fig.  5.  Sparse  array  ot  holes  produced  by  iwo  single  exposure  pairs  in  two 
levels  of  photoresist.  A  dense  array  of  holes  <0.4-yum  diameter.  N/im  pitch) 
was  formed  by  a  single  exposure  pair  and  etched  into  an  oxide  overlayer.  A 
second  photoresist  exposure  opened  up  ~  1  -/im  holes  on  a  2-^um  pitch  to 
expose  every  other  row  and  column  of  the  smaller  holes.  Alignment  be¬ 
tween  the  two  levels  was  effected  by  the  technique  described  in  Fig.  6. 

Because  the  fine  pitch  array  (larger  diffraction  angle)  was 
printed  first,  the  additional  optics  shown  in  Fig.  6  are  re¬ 
quired  to  provide  the  real-time  moire  alignment  signals.  The 
moire  fringe  is  circular  because  the  slightly  different  optical 
path  lengths  between  the  two  beams  give  rise  to  a  Newton’s 


Mirror 


Fig.  6.  Experimental  conliguration  for  the  moire  alignment  for  the  exposure 
sequence  of  Fig.  5.  The  extra  optics  arc  required  since  the  small  pitch 
pattern  printed  first  results  in  a  large  diffraction  angle.  As  a  result  of  the  path 
length  differences,  the  projected  moire  pattern  exhibits  a  Newton's  rines 
cylindrical  symmetry  . 
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Fig.  7.  Sparse  array  of  holes  produced  by  combination  of  optical  and  inter¬ 
ferometric  lithography:  (a)  optical  lithography  first,  interferometric  lithogra¬ 
phy  second:  (b)  interferometric  lithography  first,  optical  lithography  second. 
In  both  cases,  the  first  pattern  was  etched  into  an  oxide  film  and  the  second 
pattern  was  defined  in  a  separate  lithography  step. 


rings  interference  pattern.  The  position  of  the  fringe  center 
gives  the  information  on  the  incident  angle  which  determines 
the  period  of  the  second  exposure  and  the  brightness  of  the 
center  fringe  gives  the  information  on  the  phase  (i.e..  align¬ 
ment  of  large  holes  over  small  holes).  The  order  of  the  ex¬ 
posures  could  have  been  reversed  with  the  coarse  pitch,  large 
diameter  holes  defined  in  the  first  photoresist  step  and  the 
fine  pitch,  smaller  diameter  holes  defined  in  the  second  pho¬ 
toresist  step.  However,  we  find  that  it  is  usually  best  to  print 
the  most  critical,  smallest  features  when  there  is  the  least 
topography  on  the  plate  to  minimize  scattering  and  edge  ef¬ 
fects.  An  important  point  is  that  it  is  readily  possible  to  align 
two  interferometric  lithography  exposures  with  high  accu¬ 
racy. 

C.  Combined  optical  and  interferometric  lithography 

Similar  to  the  techniques  presented  in  Secs.  Ill  A  and 
III  B  sparse  arrays  of  sub-yum  holes  can  also  be  produced 
using  multiple  step  processes  where  interferometric  lithogra¬ 
phy  is  used  to  define  the  small  features  (e.g..  0.5-/zm)  com¬ 
bined  with  conventional  imaging  optical  lithography  for  the 
larger  (e.g.,  l-/zm)  features.  Both  sequences,  interferometric 
lithography  followed  by  conventional  lithography  and  vice 
versa,  have  been  demonstrated.  This  technique  combines  the 
two  processes  of  defining  a  sparse  hole  array  and  of  pixel 
definition  in  a  single  fabrication  sequence.  Figure  7(a)  shows 
an  example  of  the  first  approach  in  which  small  holes  were 
written  into  a  photoresist  film  on  top  of  an  array  of  large 
“wells”  produced  in  an  oxide  film  by  conventional  lithog¬ 
raphy  and  plasma  etching.  Figure  7(b)  shows  the  inverse 
process  in  which  a  dense  array  of  small  holes  was  written 
and  etched  into  an  oxide  film  and  then  conventional  lithog¬ 
raphy  was  used  to  place  a  larger  hole  array  ( l-/zm  holes  on 
2-yum  pitch)  over  the  original  holes.  To  allow  alignment  be¬ 
tween  the  two  lithography  techniques,  an  alignment  gratine 
was  included  on  the  optical  lithography  mask.  Moire  fringes 
were  formed  when  the  interferometric  grating  and  mask  grat¬ 
ing  were  superimposed.  The  period  of  the  moire  fringes  was 
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used  to  set  the  period  of  the  interferometric  exposure  and  the 
brightness  of  the  fringes  was  used  to  set  the  phase  (position) 
of  the  exposure.  Precision  of  alignment  was  limited  by  the 
inaccuracy  in  the  period  of  the  e-beam  defined  mask  grating. 
In  Fig.  7(b),  the  alignment  varies  across  even  this  very  small 
field  because  of  imperfections  in  the  period  in  the  optical 
mask.  Great  care  in  the  production  of  the  optical  mask,  in  the 
temperature  uniformity  of  the  mask  during  exposure,  and  in 
the  fidelity  of  the  optical  system  will  be  necessary  to  allow 
matching  of  these  two  techniques  over  large  areas.  The  in¬ 
terferometric  system  provides  an  almost  perfect  grid,  defined 
only  by  the  laser  wavelength  and  by  the  fidelity  of  the  beam 
collimation  and  optical  flatness  of  the  flat  mirrors.  In  prac- 
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tice.  we  had  much  more  success  aligning  two  interferometric 
exposures  over  large  areas  than  with  mix  and  match  between 
interferometric  and  imaging  optical  exposures. 

D.  Three-beam  exposure  for  simultaneous  exposure 
of  two  pitches 

Simultaneous  multiple  exposures  at  two  periods  d }  and 
d2=d}/2  are  accomplished  by  changing  the  optical  arrange¬ 
ment  to  have  three  coherent  beams  of  equal  intensity  (F0) 
incident  at  +  0,  —  0  and  normal  to  the  plate.  A  calculation  of 
the  exposure  flux  for  a  single  exposure  pair  (one  in  x ,  one  in 
y )  gives 


F3-beam(**»-V  ,z) 


6  +  2[cos(2fcc  sin  6)+  cosilky  sin  0)] 

+4[cos(foc  sin  6)+  cos (ky  sin  0)]cos[*z(l-  cos  0)] 


(6) 


An  intuitive  interpretation  of  this  equation  is  that  the  in¬ 
terference  of  the  outer  two  beams  gives  the  double  frequency 
cosines  that  lead  to  the  smaller  structures  associated  with  a 
dense,  small  pitch  pattern  [Jt  =  X/(2  sin  ff)]  while  the  inter¬ 
ference  of  each  of  these  beams  with  the  normally  incident 
beam  gives  the  constant  and  cosine  terms  and  leads  to  the 
larger  pitch  pattern  (d\  =  X/sin  6).  The  larger  pitch  pattern  is 
z  (distance  from  the  optical  system  to  the  plate)  dependents 
At  appropriate  z  positions,  alternate  rows  and  columns  of 
small  pitch  holes  are  canceled  giving  the  desired  sparse  pat¬ 
tern.  Benefits  of  the  three-beam  configuration  are  that  there 
is  no  lateral  alignment  required  as  in  the  previous  three 
cases,  and.  as  will  be  shown  below,  the  process  latitude  and 
photoresist  sidewalls  are  improved  over  the  double  exposure 
technique.  A  significant  trade-off  is  that  the  pattern  is  no 
longer  independent  of  z  (i.e..  there  is  effectively  a  periodic 
focus).  This  is  similar  to  the  finite  depth-of-field  of  imaging 
optical  lithography  with  the  exception  that  the  pattern  is  re¬ 
petitive  in  z,  &s  described  by  the  cos[fcz(l  *“  cos  0)]  term. 


The  z-positioning  is  a  relatively  easy  task,  accomplished  by 
using  a  variant  of  the  moire  alignment  techniques  described 
above.  A  premade  grating  was  placed  at  the  sample  position 
and  the  diffracted  orders  of  the  three  incident  beams  form 
moire  fringes.  A  bright  single  fringe  indicates  the  required 
z-position  is  achieved.  The  small  numerical  aperture  associ¬ 
ated  with  the  small  incident  angles  still  leaves  a  substantial 
depth  of  field  for  0.5-Mm  holes  compared  with  less 

than  l-/xm  for  conventional  optical  lithography  at  the  same 
CD).  Figure  8  shows  a  pattern  created  using  this  concept. 
The  three-beam  technique  results  in  a  sparse  array  of  holes  in 
a  single  exposure  pair  (one  in  x ,  one  in  y)  with  only  a 
z-position  adjustment.  Collimated  incident  beams  are  re¬ 
quired  to  avoid  moire  fringes  printed  on  the  sample.  The 
required  degree  of  collimation  can  be  evaluated  by  a  simple 
calculation  akin  to  Eq.  (1).  For  a  single  one-dimensional  ex¬ 
posure  with  beams  incident  at  0=0,0=  0o+  8  and  — 
exposure  intensity  pattern  is: 


J 


F(jc)  = 


3  +  2cos(2  kx  sin  0O  cos  S) 

+4  cos(kx  sin  0q  cos  <5)cos[/cz(  1  —  cos  0q)  —  kx  cos  0q  sin  <5] 


(7) 


Thus,  lack  of  collimation(  <5#0)  is  equivalent  to  a  spatial 
variation  in  the  wafer  height  [i.e.,  z  =  i(*))  and  the  interfero¬ 
metric  cancelation  inherent  in  the  sparse  array  of  spots  in  a 
three-beam  exposure  is  not  uniform  across  the  exposure  area. 
The  required  collimation  is  easily  found  from  Eq.  (7),  viz. 
<?<X/(4L  cos  6^) — 10  /x rad  for  an  L  =  1-cm  field. 


I 

E.  Five-beam  configuration  for  simultaneous 
exposure  of  complete  sparse  hole  array 

The  three-beam  configuration  can  be  further  extended  us¬ 
ing  a  five-beam  geometry  with  one  beam  incident  at  normal, 
two  additional  beams  incident  as  before  at  angles  of  +  0  and 
-0  with  all  three  beams  in  a  single  plane  of  incidence  (de- 
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Fig.  8.  Sparse  array  of  holes  produced  by  three-beam  exposure  pair.  Note 
the  partial  exposure  between  the  holes  since  each  of  the  three-beam  expo¬ 
sures  illuminates  an  array  of  lines.  The  holes  develop  at  the  intersections  of 
the  two  orthogonal  line  sets. 


Fig.  9.  Sparse  array  of  holes  produced  by  a  single  five-beam  exposure.  In 
contrast  to  the  three  beam  exposure  pair  of  Fig.  8.  the  exposure  is  concen¬ 
trated  at  the  hole  locations  resulting  in  a  more  efficient  use  of  the  available 
Laser  energy. 


fining  the  .x-planeh  and  a  further  two  beams  incident  at  +  0 
and  -0  in  an  orthogonal  plane  of  incidence  (y-planei.  As  a 
result  of  the  vector  nature  of  the  electromagnetic  field,  the 


equations  describing  the  field  and  the  intensity  become 
slightly  more  complex.  The  corresponding  exposure  flux  dis¬ 
tribution  is: 


J 


^5 -beam  (-V-V,z)  Fy 


2{1+  cos( 2kx  sin  0)+  cos2  0[  1  +  cos(2 ky  sin  0')]+  sin2  0[1  —  cos(2 ky  sin  0)]}' 
+  1+  8  cos  0  cosU.t  sin  6)cos(ky  sin  0) 

,  4[cos(A\v  sin  01+  cos  0  cos  (ky  sin  0)]cos[/c^(  1  —  cos  01] 


(S) 


where  we  assume  all  five  incident  beams  have  the  same  in¬ 
cident  flux  (F0).  This  expression  is  similar  to  the  three  beam 
single  exposure  pair  expression  with  an  additional  term  aris¬ 
ing  because  of  interference  between  beams  in  the  jt-plane  and 
y-plane  in  this  simultaneous  exposure.  The  resulting  pattern 
from  the  five  beams  is  similar  to  that  of  the  three-beam  ex¬ 
posure  pair,  but  gives  the  full  2D  pattern  in  a  single  expo¬ 
sure.  An  added  benefit  is  that  because  energy  is  deposited 
only  on  the  locations  of  the  holes,  the  required  exposure  flux 
is  lower  than  that  of  any  other  technique.  Figure  9  shows  an 
example  of  this  exposure.  Note  that  it  looks  very  similar  to 
Fig.  8  with  the  exception  that  some  residual,  incomplete  de¬ 
velopment  between  the  holes  in  Fig.  8  is  eliminated  in  Fig.  9 


because  of  the  more  efficient  placement  of  energy  only  over 
the  hole  locations.  This  technique  has  similar  c-alignment 
(focus)  and  collimation  requirements  to  the  three-beam  ex¬ 
posure  pair  case. 


F.  Four-beam  configuration  for  simultaneous 
exposure  of  a  sparse  hole  array 

Both  the  three-beam  and  five-beam  configurations  have 
the  significant  trade-off  that  the  exposure  patterns  are  depen¬ 
dent  on  z ,  which  must  be  precisely  controlled  to  achieve  the 
desired  pattern.  The  required  r.  positioning  may  be  a  poten¬ 
tial  problem  in  flat-panel  display  applications  because  of  the 
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inherent  lack  of  harness  or  the  glass  substrates.  The  -  depen¬ 
dence  comes  from  the  center  beam  (normal  to  the  plate) 
which  has  a  different  propagation  constant  along  r  than  the 
other  beams  le.g..  the  center  beam  propagates  as  lk'\  the 


3345 

off-axis  beams  propagate  as  e~,k'  cos^».  It  the  central  beam 
is  eliminated,  a  four-beam  configuration  with  the  same  inde¬ 
pendence  on  r.  (i.e..  large  depth-of-field)  ot  the  two-beam 
exposures  results.  The  exposure  flux  distribution  is: 


2{1+  cos(2Lv  sin  0)  +  cos2  0[1  +  cosilky  sin  0)]  +  sin2  0[1-  cosilky  sin  0)]}| 
4-  8  cos  6  cosikx  sin  6^)cos( A:v  sin  0)  J 


(9) 


Unlike  the  single  exposure  pair  case  where  there  is  no 
coherence  between  the  temporally  separated  .v-  and 
v-exposures,  all  of  the  optical  fields  interfere  with  each  other 
in  this  geometry.  If  the  polarization  of  the  two  beams  in  the 
x-plane  was  rotated  by  90°  relative  to  the  two  beams  in 
v-plane  so  that  there  was  no  interference  between  the  two 
beam  pairs,  a  simultaneous  exposure  would  result  in  a  dense 
hole  array  just  as  in  a  single  exposure  pair.  The  interference 
pattern  of  Eq.  (9)  is  readily  evaluated  with  the  result  that, 
rather  than  the  completely  eliminated  alternating  rows  and 
columns  of  the  previous  two  geometries,  extra  holes  appear 
at  the  center  of  each  square  of  the  three-beam  exposure  pair 
and  five-beam  exposure  (i.e.,  a  face-centered  cubic  lattice). 
This  is  equivalent  to  a  square  array  of  holes  with  the  centers 
separated  by  \ld2  and  rotated  by  45°.  The  experimental 
result  is  shown  in  Fig.  10.  This  technique  produces  the  entire 
2D  array  of  holes  in  a  single  exposure  without  requiring 
either  an  a-  or  a  z-alignment.  The  collimation  requirement 
remains  the  same  as  in  the  three  beam  case.  In  comparison 
with  a  five-beam  exposure  this  geometry  requires  slightly 
more  energy  and  produces  slightly  poorer  sidewall  angles: 
however,  the  major  advantage  of  not  requiring  a  focus  ad¬ 
justment  makes  this  probably  the  most  promising  technique 
for  producing  sparse  hole  arrays. 

Figure  1 1  shows  an  aerial  view  representation  of  the  vari¬ 
ous  exposures.  The  two-beam  double  exposures  give  rise  to  a 
dense  array  of  holes  [center-to-center  distance  d=k/ 
2  sin(0)],  the  three-beam  double-  and  five-beam  exposures 
results  in  a  sparser  array  with  alternate  rows  and  columns 
eliminated  (Id):  finally  the  four  beam  geometry  gives  an 
intermediate  density  array  where  the  face-center  lattice  holes 
arc  added  to  the  sparse  array  (d\jl).  For  each  of  these  ge¬ 
ometries  the  exposure  and  development  conditions  can  be 
varied  to  achieve  different  line:space  ratios.  There  are  sig¬ 
nificant  trade-offs  in  terms  of  required  exposure  flux,  side- 
wall  profiles,  and  process  latitude  that  are  discussed  more 
fully  in  the  next  section. 

G.  Sparse  post  array 

An  alternate  technique  for  the  fabrication  of  field  emitters 
is  to  start  with  a  sparse  post  (mesa)  array  instead  of  a  hole 
array.  Posts  are  readily  generated  in  the  traditional  two-beam 
exposure  pair  geometry  simply  by  increasing  the  exposure 
flux.  Figure  12  shows  a  photoresist  sparse  post  array  on  a  Si 
substrate.  A  sparse  array  is  simply  made  by  increasing  the 


I 

exposure  flux  without  any  need  for  alignment  in  either  x  or  z. 
The  tradeoff  is  that  a  significantly  higher  exposure  dose  is 
required  since  a  much  larger  fraction  of  the  resist  has  to  be 
exposed.  On  a  area  basis,  approximately  19  times  more  area 
has  to  be  exposed  for  a  1 :4  diametenpitch  post  array  than  for 
a  1:4  diametenpitch  hole  array.  As  will  be  shown  in  the  next 
section,  the  exposure  dose  ratio  required  is  even  larger 
(—25  times  more  fluence  required  for  sparse  post  arrays  as 
compared  with  holes)  because  the  aerial  image  is  not  uni¬ 
form  up  the  edge  of  the  posts  and  significant  overexposure  of 
the  spaces  between  the  posts  is  required. 


Fig.  10.  Sparse  array  of  holes  produced  by  four-beam  single  exposure  that 
retains  the  same  very  large  depth  of  field  as  the  two  beam  exposures.  Again 
the  energy  is  placed  only  over  the  holes  resulting  in  an  efficient  use  of  laser 
energy.  The  hole  pattern  corresponds  to  removing  alternate  rows  and  col¬ 
umns  from  a  dense  array  as  in  the  five-beam  case  but  then  replacing  an 
additional  hole  at  the  face-centered  cubic  location. 
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Fig.  11.  Aerial  view  representation  of  the  hole  pattern  formed  by:  (a)  two- 
beam  double  exposure:  (b)  three-beam  double  exposure  and  five-beam  ex¬ 
posure:  and  (c)  four  beam  exposures.  For  an  fixed  angle  of  incidence  the 
respective  center-to-center  distances  are  d-ki2  sin(0),  2d.  and  dyj 2. 


IV.  EXPOSURE  LATITUDE  AND  PHOTORESIST 
PROFILE  EVALUATION 

An  investigation  of  exposure  latitude  and  photoresist  pro¬ 
file  for  sparse  hole  pattern  has  been  carried  out  using  a  very 
simple,  analytic  photoresist  exposure  and  developing  model 
initially  presented  by  Ziger  and  Mack.9  In  this  model,  the 
normalized  resist  thickness  after  development,  r,  is  related  to 
the  deposited  flux  in  the  resist,  F( x),  by: 

/  1  _ e-F(x)IFl\n 

T(j)=1~l'  l-g-‘  )  ’  (10) 

where  Ft  is  the  minimum  exposure  required  to  clear  the  re¬ 
sist,  n  is  an  experimentally  determined  coordination  number 


Fig.  12.  Sparse  array  of  posts  produced  by  two-beam  exposure  pair:  the 
exposure  fluence  has  been  increased  to  expose  all  of  the  resist  in-between 
the  posts.  This  exposure  was  carried  out  in  photoresist  on  a  Si  substrate. 

for  the  average  number  of  base  soluble  groups  that  act  in 
concert  to  effect  the  development  rate.  Although  this  simple 
model  does  not  account  for  substrate  reflection,  for  non¬ 
vertical  development  fronts,  and  for  surface  inhibition  and 
other  effects  that  influence  the  final  line  shapes,  it  provides  a 
useful,  computationally  simple  treatment  that  aids  in  the  de¬ 
velopment  of  physical  intuition  for  the  interferometric  expo¬ 
sure  process.  We  have  applied  this  model  to  all  of  the  tech¬ 
niques  for  generating  sparse  arrays.  We  find  that  n~5  gives 
reasonable  qualitative  agreement  with  our  experiments.  This 
corresponds10  to  a  photoresist  contrast  y  —  5,  a  reasonable 
value  for  the  resist  systems  we  have  used.  The  hole  diameter 
can  be  calculated  by  evaluating  the  region  for  which 
F(x)<F5.  Figure  13  shows  the  line:period  ( w:d )  ratio  as  a 
function  of  the  total  flux  summed  over  all  of  the  input  beams 
for  different  techniques.  Note  the  scale  change  between  the 
curves  for  the  hole  arrays  and  that  for  the  post  array.  As 
noted  above,  approximately  a  25  times  larger  fluence  is  re¬ 
quired  for  sparse  post  as  compared  with  sparse-hole  arrays. 
An  advantage  of  the  post  array  is  the  relatively  greater  ex¬ 
posure  latitude  (i.e.,  decreased  slope  of  the  exposure  curve  at 
the  desired  line:space  ratio).  Issues  that  need  to  be  resolved 
in  each  experimental  situation  are  the  effects  of  beam  inten¬ 
sity  mismatch  and  background  scattering  (optics  flare)  on  the 
photoresist  features.  These  effects  are  relatively  unimportant 
in  the  case  of  hole  arrays  where  the  total  laser  fluence  is  only 
sufficient  to  expose  small  resist  areas,  but  become  significant 
at  the  much  higher  fluences  required  for  post  arrays.  Figure 
14  shows  the  corresponding  photoresist  line  shape  for  a  w:d 
ratio  of  1:4  (a  lineispace  ratio  of  1:3)  for  holes  and  a  w:d 
ratio  of  3:4  (a  line:space  ratio  of  1:3)  of  posts. 

In  principle,  sparse  holes  can  be  generated  in  the  tradi¬ 
tional  two-beam  exposure  pair  geometry  simply  by  decreas¬ 
ing  the  exposure  flux.  The  solid  curve  in  Fig.  13  was  ob¬ 
tained  by  substituting  the  flux  distribution  for  the  two-beam 
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Fig.  13.  Calculated  process  sensitivity  (exposure  latitude)  for  the  various 
techniques  for  sparse  hole  array  fabrication.  The  positions  of  dense  (1:1)  and 
sparse  (1:3)  lineispace  ratios  for  both  holes  and  posts  are  indicated  by  the 
horizontal  dotted  lines.  Exposure  limitations  for  the  multiple  beam  tech¬ 
niques  due  to  breakthrough  of  unwanted  features  are  indicated  by  the  heavy 
vertical  bars.  Approximately  25  x  more  fluence  is  required  for  sparse  posts 
arrays  with  a  single-exposure  pair  geometry  than  for  sparse  hole  arrays  with 
a  five-beam  exposure. 


exposure  [Eq.  (2)]  into  the  exposure/develop  model  [Eq. 
(10)].  The  diametenperiod  ratio  (w:d)  can  be  evaluated  with 
a  ID  calculation  along  the  symmetry  direction  between  the 
holes  (v  =  0).  The  calculation  indicates  that  the  1:4  diameter 
•.period  ratio  occurs  very  close  to  the  flux  that  just  clears  the 
resist,  at  a  position  of  very  steep  slope  where  small  changes 
in  flux  lead  to  large  changes  in  hole  diameter.  The  corre¬ 
sponding  photoresist  profile,  the  shaded  region  in  Fig.  14(a) 
is  very  poor  with  a  shallow  sidewall  angle  that  will  possibly 
lead  to  problems  in  subsequent  etch  steps.  (Note  that  normal¬ 
ized  vertical  dimensions,  corresponding  to  the  full  resist 
thickness,  are  shown  in  Fig.  15:  as  drawn  these  correspond  to 
a  0.4-/tm  thick  resist  layer.  These  figures  should  be  scaled 
for  different  resist  thicknesses.)  The  resist  latitude  optimizes 
(i.e.,  has  the  lowest  slope)  at  a  1:1  line:space  ratio.  The  resist 
profile  is  also  improved  at  this  optimal  line:space  ratio.  Fig. 
14(b).  The  slope  steepens  again  as  the  holes  coalesce  to  form 
post  arrays. 

Calculated  from  Eq.  (3)  with  the  condition  that  Ft-F2 
and  v  =  0,  the  double  exposure  pairs  have  a  much  improved 
slope  at  a  1:4  w:d  ratio  (Fig.  13)  and  an  improved  photoresist 
profile.  Fig.  14(c).  For  the  double  exposure  pair  with  two 
different  pitches  in  each  direction  and  double  exposures  with 
processing  steps  between  lithography  steps  [techniques  (2) 
and  (3)  in  last  section],  the  process  latitude  and  sidewall 
slope  for  fine  pitch  are  those  of  the  single  interferometric 
exposure  pair  for  a  1:1  line:space  ratio.  The  process  latitude 
for  the  coarse  pitch  is  much  wider  as  the  hole  diameter  and 


Distance  (nxn) 

Fig.  14.  Calculated  photoresist  profiles  for  the  various  techniques  of  sparse 
array  fabrication.  The  shaded  areas  indicate  photoresist  left  after  the  develop 
process:  the  dotted  lines  are  the  aerial  image  intensity  vs  position. 

sidewall  are  determined  by  the  fine  pitch  exposure.  Three- 
beam  exposure  pair  and  five-beam  single  exposure  curves 
progressively  require  a  lower  photon  flux  because  the  energy 
is  deposited  only  in  the  desired  regions  resulting  in  more 
efficient  use  of  the  available  photon  flux.  The  process  lati¬ 
tude  calculated  from  Eqs.  (6)  and  (8)  at  z—0  and  y  =  0  is 
better  than  the  double  exposure  case  (lower  slope  than 
double  exposure  pair  curve  in  Fig.  13  at  1:4  w:d  ratio)  and 
the  photoresist  sidewall  angle  is  also  improved  as  can  be 
seen  from  Figs.  14(d)  and  14(e).  The  four  beam  technique 
substantially  improves  the  process  latitude  and  photoresist 
profiles  [Fig.  14(f)]  over  that  of  the  single  exposure  pair  and 
double  exposure  pairs  although  it  is  not  as  good  as  the  three- 
beam  and  five-beam  cases.  It  requires  slightly  more  exposure 
flux  than  the  five  beam  technique.  Each  of  the  multiple  beam 
and  multiple  exposure  techniques  provides  enhanced  process 
sensitivity  and  improved  photoresist  profiles  compared  to  the 
single  exposure  pair. 

For  the  sparse  post  array  technique,  using  the  flux  distri¬ 
bution  of  the  two-beam  exposure  pair  given  by  Eq.  (2)  with 
the  condition  cos (ky  sin  0)=O,  the  process  latitude  in  Fig.  13 


JVST  B  -  Microelectronics  and  Nanometer  Structures 


3348 


Chen  et  at.:  Interferometric  lithography 


3348 


0.5 


Exposure  time  (sec) 


Fig.  15.  Real-time  diffraction  intensity  of  a  633-nm  probe  laser  beam  from 
the  latent  grating  that  forms  during  exposure  and  developed  photoresist 
profiles  corresponding  to  the  marked  exposure  fluences.  The  diffraction  sig¬ 
nal  provides  a  real-time  process  monitor  to  allow  correction  for  variations  in 
actinic  laser  fluence.  in  photoresist  and  underlying  film  and  substrate  prop¬ 
erties. 


indicates  a  much  lower  slope  (better  process  latitude)  at  3:4 
w:d  ratio.  A  more  vertical  profile  is  shown  in  Fig.  14(g)  that 
is  well  suited  to  subsequent  processing  steps.  As  noted  above 
the  disadvantages  of  the  post  array  are  the  much  greater  re¬ 
quired  exposure  fluence  and  the  effects  of  scattering  and 
beam  intensity  mismatch  on  the  profiles. 

V.  REAL-TIME  MONITORING 

Diffraction-based  techniques  have  been  shown  to  provide 
convenient,  nondestructive,  rapid  metrology  for  lithography 
steps  during  semiconductor  device  fabrication.11  The  peri¬ 
odic  aerial  image  pattern  of  interferometric  lithography  di¬ 
rectly  lends  itself  to  real-time  exposure  monitoring.  Model¬ 
ing  techniques  can  be  applied  to  predict  the  diffracted  power 
from  the  latent  image  based  on  the  optical  properties  of  the 
substrate.  We  have  monitored  the  exposure  energy  with 
633-nm  He-Ne  laser  beam  diffracted  from  the  latent  image. 
Figure  15  shows  the  diffracted  latent  image  intensity  versus 
exposure  energy  and  the  photoresist  profiles  at  four  different 
exposure  fluxes  for  a  l-/mi  period  ID  grating  in  0.2  /jm 
thick  resist.  The  monitored  signal  is  easily  used  to  correct  for 
variations  in  actinic  laser  power,  photoresist  parameters 
(thickness,  sensitivity,  moisture  content)  and  substrate  prop¬ 
erties  (complex  reflectivity,  anti-reflecting  coating,  scatter¬ 
ing,  etc.).  Similar  diffraction  monitors  have  been  applied 
during  the  development  step.12 

VI.  CONCLUSIONS 

Interferometric  lithography  provides  an  attractive  tech¬ 
nique  for  the  production  of  large  areas  of  sub-/xm  structures. 
Salient  features  include:  effectively  infinite  depth  of  field, 
periodic  patterning  without  requiring  masks,  commercially 
available  laser  sources,  and  resist  systems  to  scales  well  be¬ 


yond  today's  projections  for  either  ULS1  or  display  applica¬ 
tions.  The  periodic  nature  of  interferometric  lithography  is 
well  suited  to  the  use  of  moire  alignment  and  overlay  tech¬ 
niques  and  to  scatterometry  for  real-time  process  control. 
The  wide  variety  of  potential  applications  includes:  ULSI 
circuits;  field-emitter  displays;  cold-cathode  rf  sources;  high¬ 
speed  FETs  and  MSM  photodetectors:  texturing  on  physical 
optics  scales  for  high  performance  solar  cells;  and  physics 
investigations  including  nanostructured  materials,  novel 
electronic  devices,  and  nanostructured  substrates  for  epitax¬ 
ial  materials  growth. 

Specifically  for  the  field-emitter  application,  there  is  a  re¬ 
quirement  for  sparse  (5:1:3  line:space  ratio)  arrays  of  struc¬ 
tures  including  holes  and  posts.  A  number  of  techniques 
have  been  demonstrated  to  provide  an  improved  aerial  image 
for  sparse  arrays  of  holes  that  result  in  improved  process 
sensitivity  and  photoresist  profile  over  a  traditional  two- 
beam  exposure  pair.  These  include  both  multiple  exposure 
and  multiple  beam  geometries,  A  five-beam  geometry  pro¬ 
vides  the  most  efficiency  in  the  use  of  the  laser  power  and  at 
the  same  time  has  the  best  process  latitude  and  most  vertical 
sidewalls  for  hole  arrays.  However,  a  significant  disadvan¬ 
tage  is  the  requirement  for  focus  (or  z)  control.  A  four-beam 
geometry  provides  the  same  effectively  infinite  depth  of  field 
of  the  two-beam  exposures  with  only  small  penalties  in  terms 
of  exposure  fluence  and  developed  photoresist  sidewalls.  For 
post  arrays,  a  single-exposure-pair  two-beam  geometry  pro¬ 
vides  the  best  process  latitude  and  sidewall  angles.  The  post 
arrays  require  significantly  more  exposure  flux  because  of 
the  much  larger  area  of  photoresist  that  must  be  exposed. 
Image  reversal  or  negative  resists  reverse  these  consider¬ 
ations  for  hole  and  post  arrays.  Detailed  process  modeling 
and  experimental  confirmation  is  necessary  to  sort  through 
the  myriad  of  options  and  provide  insight  into  the  optimal 
geometries  for  particular  applications.  This  work  is  under¬ 
way  both  with  the  simple  exposure/develop  model  presented 
here  and  with  more  sophisticated  exposure/develop  models 
that  include  effects  of  substrate  reflection  and  of  sidewall 
erosion  during  development. 

A  significant  issue  is  the  extension  to  the  very  large  fields 
required  for  display  applications.  While  this  is  not  a  major 
emphasis  of  this  work,  and  has  been  discussed  by  others5  in 
the  context  of  double-exposure  geometries,  a  few  comments 
are  in  order.  The  obvious  requirement  is  for  large  optics  for 
collimation  and  manipulation  of  the  multiple  beams.  Even 
for  very  large  exposure  fields,  approaching  1-m  diagonal,  the 
coherence  of  present  commercially  available  lasers  is  more 
than  sufficient  for  interferometric  exposures  over  the  entire 
field.  In  the  two  beam  exposure  pair  case,  if  the  beams  are 
perfectly  collimated,  the  exposure  period  is  constant  across 
the  field.  Deviations  from  collimation  will  result  in  slow 
variations  of  the  period  across  the  field.  Whether  this  is  ac¬ 
ceptable  depends  in  part  on  integration  of  the  interferometric 
exposure  with  other  aspects  of  the  processing  and  tolerance 
to  alignment  variations  of  subsequent  steps,  e.g..  pixillation. 
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of  the  display.  For  the  multiple  exposure  and  multiple  beam 
geometries  for  producing  sparse  hole  arrays,  the  required 
collimation  is  more  demanding  since,  as  discussed  in  the 
previous  sections,  these  techniques  depend  on  moire  pattern 
effects  to  reduce  the  hole  density. 
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We  report  a  detailed  study  of  nanostructure  fabrication  and  optical  characterization  of 
sub-/mi-period,  one-dimensional,  Si  grating  structures.  Nanoscale  wall  width  structures  were 
fabricated  by  combining  laser  interferometric  lithography  with  anisotropic  wet-chemical  etching 
(KOH)  and  thermal  oxidation.  Structure  wall  widths  were  characterized  by  Raman  scattering  (RS) 
and  scanning  electron  microscopy.  Salient  features  of  the  RS  measurements  as  a  function  of  wall 
widths  from  —100  to  10  nm  were:  (a)  large  cross-section  enhancements,  — 100X,  for  linewidths 
—50  nm;  (b)  asymmetric  line  shapes  with  tails  extending  to  smaller  Raman  shifts  for  linewidths 
—20  nm;  and  (c)  splitting  of  the  bulk  Raman  mode,  again  to  lower  Raman  shifts,  for  linewidths  —10 
nm.  For  room  temperature  photoluminescence  (PL)  measurements,  the  grating  structures  were 
excited  at  257  nm.  PL  measurements  are  reported  for  oxidized  and  unoxidized  grating  structures 
with  peaks  varying  between  380  and  700  nm.  PL  was  only  observed  for.  Si  structures  with 
dimensions  less  than  about  10  nm.  PL  intensities  and  spectral  line  shapes  varied  significantly  as  a 
result  of  surface  modification  treatments  such  as  high  temperature  anneal  in  a  N2  atmosphere, 
immersion  in  boiling  H20,  and  long-term  exposure  to  ambient  air.  The  measurements  indicate  a 
strong  correlation  of  the  visible  PL  with  crystal  size  (—5-10  nm);  however,  it  remains  unclear  if  the 
mechanism  responsible  is  quantum  confinement,  passivation  of  the  surface  by  SkH*  complexes,  or 
optically  active  surface  states.  ©  1996  American  Institute  of  Physics.  [S002 1-8979(96)07024-7] 


I.  INTRODUCTION 

Silicon  is  a  poor  luminescent  material  in  comparison 
with  direct  band-gap  semiconductors  such  as  GaAs.  Thus, 
the  observation  of  efficient,  stable  room  temperature  visible 
photoluminescence  (PL)  from  porous  Si  (7r-Si)  (Ref.  1)  has 
generated  a  great  deal  of  interest  in  the  optical  properties  of 
nanoscale  Si  structures.  Although  Pickering  et  al 2,3  had  pre¬ 
viously  reported  on  PL  from  7r-Si  attributing  it  to  a  complex 
mixture  of  phases,  i.e.,  a-Si:0  (and/or  a-Si:H),  the  interpre¬ 
tation  by  Canham1  and  Lehman  and  Gosele4  in  terms  of 
quantum  confinement  effects  stimulated  intense  research  ef¬ 
forts  towards  a  comprehensive  understanding  of  the  physical 
mechanisms  responsible  for  the  PL.  A  clear  picture  has  yet 
to  emerge. 

Research  has  focused  on  both  the  quantum-confinement 
basis  of  PL5-13  and  on  alternate  chemical  mechanisms,  for 
example,  Si-H*  complexes.14-17  Recently,  a  surface  state 
mechanism  was  proposed  in  which  the  PL  originates  from  a 
spectrum  of  surface  states  related  to  amorphous  Si.18  Inter¬ 
pretation  is  complicated  by  the  fact  that  7r-Si  PL  exhibits  two 
bands  with  widely  different  response  times:  orange-red 
(850-650  nm)  PL  decaying  at  time  scales  — 10  /is,  and  blue- 
green  (420-540  nm)  PL  with  a  much  faster  (ns)  decay  rate.19 
This  blue  emission  has  been  attributed  to  SiOY  (jc— 1.4- 1.6) 

90—79  a  \  / 

complexes.  “  In  an  extensive  review  of  optical  properties 
of  7r-Si  PL  by  Lockwood,23  several  different  sources  of  PL 
in  anodized  Si  were  analyzed  with  the  tentative  conclusion 
that  the  red  emission  appeared  to  be  principally  due  to  con¬ 
finement  in  Si  nanocrystallites.  However,  in  his  summary, 
Lockwood  pointed  out  that  a  definitive  explanation  of  the 
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various  light-emitting  sources  in  7r-Si  will  only  come  from  a 
further  study  of  surface  chemistry  of  pores,  defects  in  Si 
crystallites,  and  from  studies  of  uniform  Si  wires,  or  dots  so 
as  to  minimize  inhomogeneous  broadening  effects. 

7r-Si  formed  by  anodization  has  a  complex  three- 
dimensional  (3D)  structure,2’3  which  makes  it  difficult  to  iso¬ 
late  chemical  effects  from  crystal- size  and  electromagnetic 
effects.  A  more  controlled  and  uniform  fabrication  approach 
would  be  better  suited  to  investigation  of  the  optical  response 
as  a  function  of  the  crystal  size.  Lithographic  techniques  of¬ 
fer  an  attractive  alternative  for  fabrication  of  uniform,  nanos¬ 
cale  crystalline  structures.  Liu  era/.,24  and  Fischer  et  al.25 
have  applied  electron  and  ion-beam  lithographic  techniques 
to  form  2D  columnar  structures.  These  techniques,  however, 
are  slow,  expensive,  and  difficult  to  extend  to  large  areas  and 
to  multiple  samples  with  the  requisite  uniformity.  We  report 
a  simple  fabrication  sequence  using  inexpensive  interfero¬ 
metric  lithography,  anisotropic  wet-chemical  etching,  and 
oxidation  processes  that  is  readily  capable  of  providing 
samples  for  fundamental  investigation.  In  addition,  all  of 
these  technologies  are  readily,  and  inexpensively,  scaleable 
to  large  areas  for  device  applications  and  are  compatible  with 
high  volume  manufacturing.  We  present  a  detailed  investiga¬ 
tion  of  the  fabrication  of  nanoscale,  sub-/xm-period,  one¬ 
dimensional  Si  grating  structures  and  their  optical  response 
as  a  function  of  the  crystal  size.  This  article  is  organized  as 
follows:  Sec.  II  describes  nanofabrication  techniques  for  Si 
nanostructures;  Sec.  Ill  describes  the  Raman  response  as  the 
structure  size  is  reduced  from  —100  to  less  than  10  nm;  Sec. 
IV  presents  extensive  PL  measurements  of  the  Si  structures 
with  and  without  thermally  grown  oxide  films,  and  also  in¬ 
cludes  PL  measurements  from  thermally  grown  oxide  films; 
and  results  are  summarized  and  discussed  in  Sec.  V. 
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II.  NANOSTRUCTURE  FABRICATION 

Interferometric  lithography  provides  an  inexpensive 
method  for  the  fabrication  of  nanoscale  periodic  structures 
over  large  areas  and  is  ideally  suited  to  a  large  scale  manu¬ 
facturing  environment.  Interference  effects  between  two  co¬ 
herent  laser  beams  produce  a  simple  periodic  pattern  with 
period,  d=X/2  sin  6 ,  where  X  is  the  wavelength  of  the  expos¬ 
ing  beam,  and  20  is  the  angle  between  the  two  intersecting 
beams.26,27  In  our  experiments,  grating  patterns  are  first 
formed  in  positive  photoresist  (1350B-SF).  After  photoresist 
exposure  and  development,  the  grating  pattern  is  transferred 
to  a  thermally  grown  oxide  (thickness  —50  nm),  or  nitride  or 
metal  film,  using  either  wet  etching,  dry  etching,  or  lift-off 
techniques.  The  feature  widths  of  the  oxide  etch  mask  can  be 
reduced  to  approximately  1/4  of  the  grating  period  by  control 
of  the  photoresist  exposure,  development,  and  pattern  trans¬ 
fer  processes.  An  oxide  mask  is  used  for  anisotropic,  wet- 
chemical  etching  of  Si  in  40  wt  %  KOH  solution  at  room 
temperature.  Although  any  crystal  orientation  of  Si  can  be 
used,  for  quantum-size  fabrication,  (110)  crystal  orientation 
is  advantageous  because  of  the  extreme  etch  rate  anisotropy 
(1:400)  between  the  perpendicular  (111)  and  (110) 
planes.28,29  Figures  1(a)- 1(c)  show  examples  of  scanning 
electron  microscope  (SEM)  images  of  Si(110)  ID  grating 
structures  with  periods  0.8,  0.5,  and  0.2  fim,  respectively. 
Grating  depths  vary  from  —1.0  fim  [Figs.  1(a)  and  1(b)]  to 
—0.4  fx  [Fig.  1(c)].  Note,  in  particular,  the  very  well-defined 
grating  sidewalls  ((111)  planes);  cross-section  transmission 
electron  microscope  images  of  these  structures  show  that  the 
sidewalls  are  nearly  perfect;  the  lines  visible  in  the  SEMs 
correspond  to  nearly  atomic  steps.  The  wall  widths  (note:  we 
use  wall  width  throughout  this  article  to  avoid  confusion 
with  spectral  line  widths)  are  approximately  1/4  of  the  grating 
period  demonstrating  the  scaling  effects  of.  smaller  grating 
periods.  Wall  widths  can  be  reduced  further  by  pushing  the 
limits  of  the  lithographic  processes  used  for  etch  masks.  This 
is  done  primarily  by  a  combination  of  overexposure  and/or 
overdevelopment  of  the  photoresist,  and  undercutting  the 
etch  mask  film  during  isotropic  plasma  etching.  Using  these 
techniques,  we  have  fabricated  grating  structures  with  good 
yield  to  wall  widths  —1/10  of  the  period.  Figure  2  shows 
an  example  of  a  0.3-yum-period  grating  with  wall  widths 
of  —0.03  fim. 

A  convenient  method  for  further  reducing  grating  wall 
widths  is  based  on  oxidation  of  Si.30  Figures  3(a)~3(c)  show 
three  examples  of  Si  wall  widths  varying  from  —20  to  5  nm, 
respectively,  following  oxidation  steps.  The  crystalline  Si 
walls  are  embedded  in  thermally  grown  oxide  films.  The 
concave  shape  of  the  Si  structure  is  the  result  of  oxidation 
that  proceeds  faster  on  the  lower  radius  of  curvature  parts  of 
the  structure.31  This  provides  a  partially  self-limiting  process 
and  improves  the  uniformity.  The  SEM  in  Fig.  3(c)  was 
taken  at  a  magnification  of  250  000,  the  instrumental  limit, 
and  shows  a  Si  structure  of  wall  width  —5  nm.  Wet-chemical 
etching  of  (110)  Si,  combined  with  interferometric  lithogra¬ 
phy  and  oxidation,  provides  an  extremely  convenient 
and  robust  technique  for  producing  nanometer- scale  Si 
structures. 
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FIG.  1.  Scanning  electron  microscope  (SEM)  pictures  of  Si  (110)  gratings: 
(a)  0.8  fim  period,  (b)  0.5  fim  period,  and  (c)  0.2  /xm  period. 


These  techniques  can  easily  be  extended  to  (100)  Si  wa¬ 
fers  using  well-known  dry  etching  processes.  Figure  4  shows 
three  examples  of  ID  and  2D  structures  fabricated  in  (100) 
Si  using  reactive  ion  etching  (RIE)  techniques.  The  struc¬ 
tures  in  Figs.  4(a)  and  4(c)  were  fabricated  using  a  Cr  lift-off 
mask,  while  the  ID  structure  in  Fig.  4(b)  was  fabricated  by 
first  making  an  intermediate  metal  mask  using  reactive  ion- 
beam  milling  of  a  blanket  A1  film  followed  by  RIE  using  a 
CCl2F2-based  chemistry.  These  structures,  although  not  as 
sharply  defined  as  the  KOH-etched  structures,  nevertheless 
maintain  their  crystalline  nature,  and  can  be  subsequently 
thinned  by  oxidation.  These  results  demonstrate  that  simple 
and  inexpensive  interferometric  lithography  techniques  can 
be  applied  for  fabrication  of  large  area,  uniform,  nanoscale 
feature  width  Si  structures,  providing  a  powerful  approach 
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FIG.  2.  SEM  image  of  one-dimensional  Si  (110)  grating  with  period  0.3 
/tm,  wall  width  of  —30  nm  and  depth  of  1.3  /jm. 


for  optical  and  electrical  characterization  of  nanoscale  Si 
structures. 


III.  RAMAN  SCATTERING  MEASUREMENTS 

The  optical  response  of  these  sub-/xm-period,  nanoscale 
wall  width  Si  grating  structures  has  been  investigated  by 
reflectance,  Raman  scattering  (RS)  and  photoluminescence 
measurements.  Our  emphasis  here  is  to  report  on  experimen¬ 
tal  results  with  reference  to  nanoscale  wall  width  Si  struc¬ 
tures.  In  future  publications,  we  plan  to  offer  a  theoretical 
framework  describing  the  experimental  results  on  reflec¬ 
tance,  RS,  and  PL;  our  preliminary  findings  are  that  electro¬ 
magnetic  resonance  effects  play  a  large  role  in  these  periodic 
structures.  Figure  5  shows  an  example  of  angular  and  spec¬ 
tral  reflectance  measurements  from  0.36-/zm-period  gratings 
with  wall  widths  —70  nm  and  depth  —  1 .0  /am ,  for  compari¬ 
son,  reflectance  measurements  from  bulk  Si  under  identical 
conditions  are  also  plotted.  There  is  very  low  reflectance 
from  the  surface  of  the  grating  sample  over  broad  angular 
and  spectral  variations,  suggesting  an  application  for  concen¬ 
trator  solar  cells.32 

RS  measurements  show  a  strong  dependence  on  the  Si 
wall  widths.  Variations  of  RS  line  shapes  with  decreasing 
crystal  size  have  been  reported  for  studies  of  7r-Si,7,33  of 
spherical  Si  particles  embedded  in  oxide  matrix,34"36  and  of 
laser-annealed  amorphous  Si  films.37,38  Goodes  et  a/.33  car¬ 
ried  out  extensive  Raman  scattering  measurements  of  7r-Si 
films  and  observed  a  single  peak  at  520  cm-1  (corresponding 
to  bulk  Si)  plus  a  broad  tail  extending  to  low  frequencies  that 
was  attributed  to  crystal  sizes  <10  nm.  Splitting  of  the  Ra¬ 
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FIG.  3.  SEM  images  of  oxidized  Si  (1 10)  gratings,  wall  widths  are  (a)  —25 
nm,  (b)  —10  nm,  and  (c)  —5  nm. 


man  mode  for  small  structures  has  also  been  observed.7 
Similar  size-dependent  line  shapes  have  been  observed  by 
others.34"38 

Micro-RS  measurements  were  taken  in  a  backscattering 
geometry  using  a  40X  microscope  objective  to  focus  the  488 
nm  laser  beam  onto  the  sample  (~10-yum-diam  spot  size). 
Spectra  were  analyzed  with  a  3/4  m  double  spectrometer  and 
a  cooled  GaAs  photomultiplier  with  photon-counting  elec¬ 
tronics.  Three  distinct  regimes  were  identified:  (a)  for  grating 
wall  widths  >200  nm,  the  Raman  line  shape  and  cross  sec¬ 
tion  is  identical  to  that  for  bulk  Si;  (b)  for  grating  wall  widths 
—50“  100  nm,  large  (100X  greater  than  bulk  Si)  signal  en¬ 
hancements  are  observed  with  line  shapes  unchanged  from 
bulk  Si  except  for  slight  shifts  and  broadening;  and  (c)  for 
wall  widths  <30  nm,  line  shapes  show  a  number  of  dramatic 
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FIG.  4.  SEM  images  of  ID  (a)  and  (b)  and  2D  (c)  Si  (100)  gratings  fabri¬ 
cated  with  reactive-ion  etching. 


changes  including  asymmetry  and  splitting  of  the  threefold 
degenerate  bulk  mode  while  the  cross  section  is  still  signifi¬ 
cantly  enhanced  over  the  bulk  value  when  corrected  for  the 
volume. 

Figure  6(a)  shows  an  example  of  an  enhanced  Raman 
signal  from  —50  nm  wall-width  grating  structures  (period 
0.36  yttm,  depth  —  1.0  /xm);  for  comparison,  the  Raman  signal 
from  bulk  Si  measured  under  identical  conditions  is  plotted 
on  the  same  scale.  Figure  6(b)  shows  the  same  data  with  the 
peak  heights  normalized,  the  peak  at  —530  cm-1  shift  is  due 
to  a  pump  laser  plasma  line  deliberately  leaked  through  to 
provide  an  absolute  wavelength  calibration.  Figure  6(a) 
shows  that  the  maximum  intensity  of  the  signal  from  the 
grating  is  —15  times  larger  than  that  from  bulk.  The  reflected 
plasma  line  intensity  from  the  grating  samples  is  much 
weaker  because  of  the  reduced  reflectivity  compared  with 
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FIG.  5.  Angular  (a)  and  wavelength  (b)  dependencies  of  the  reflectivity  of  a 
0.36  /xm  period,  70  nm  wall  width,  —1  /xm  deep  Si  grating  structure.  Also 
plotted  are  the  respective  variations  for  a  bulk  Si  sample. 


bulk.  Taking  into  account  the  reduced  volume  of  material  in 
the  grating  samples  (wall  width-to-period  ratio  of  —7)  and 
the  increase  in  the  Raman  linewidth  from  —3.5  cm”1  for  the 
bulk  to  5  cm-1  for  the  gratings  (integrated  signal  ratio  en¬ 
hancement  —  1.4),  a  cross-section  enhancement  of  —140  is 
observed.  This  Raman  enhancement  can  be  explained  quali¬ 
tatively  by  electromagnetic  cavity  (wall  width  —  >J2n) 
resonances.39  Because  of  the  relatively  low  Q  of  these  reso¬ 
nances  above  the  Si  band  gap,  both  the  pump  and  Raman- 
shifted  wavelengths  are  within  the  resonance  peak.  This 
resonance  effect  was  previously  observed  by  Murphy  and 
Brueck  for  randomly  organized  Si  structures,40  and  Ghew 
and  Wang41  for  spherical  particles. 

The  normalized  data  in  Fig.  6(b)  show  that  in  addition  to 
the  signal  enhancement,  the  peak  shift  is  decreased  by  —1.2 
cm”1,  and  the  linewidth  is  broadened  to  —5  cm”1  in  com¬ 
parison  with  —3.5  cm”1  width  of  the  signal  from  bulk  Si. 
The  frequency  shifts  of  the  Raman  peak  might  be  attributed 
to  stress  effects.  Anastassakis  et  al ,42  demonstrated  that  in 
the  presence  of  uniaxial  stress,  the  q^0  degeneracy  of  the 
optical  phonons  is  removed  resulting  in  splitting  and  shifts  of 
the  Raman  mode.  A  strain  of  —  5X 109  dyne  would  result  in  a 
frequency  shift  of  —1.2  cm”1.  A  broadening  of  the  Raman 
mode  has  also  been  attributed  to  crystal-size  effects  43  In  this 
model,  the  additional  broadening,  ,  is  related  to  the  crys¬ 
tal  size  d ,  which  produces  an  uncertainty  in  the  q  vector 
^27 r!d\  and  is  given  by  — A(A<?)2,  where,  for  Si,  A  is  —2 
cm”1  nm2  and  kq  is  a  rough  measure  of  the  extent  of  the 
breakdown  of  the  A£=0  Raman  selection  rule  for  a  finite 
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FIG.  6.  Enhanced  Raman  scattering  signal  from  a  —50  nm  wall  width  Si 
grating  structure  (period  0.36  /im,  depth  -1  /mi:  (a)  signals  from  bulk  and 
grating  samples  under  identical  conditions  showing  the  strong  -140X  inte¬ 
grated  cross-section  enhancement;  (b)  signals  normalized  to  same  peak 
height  to  illustrate  shift  and  broadening  of  the  grating  Raman  signal. 


crystal  dimension  d.  From  the  measured  values  of  Av5,  it  is 
possible  to  estimate  the  crystal-size  d—lirlLq.  Therefore, 
for  a  broadening  of  -5  cm"1,  A<?~1.6  nm-1,  which  corre¬ 
sponds  to  a  grain  size  of  —4  nm.  This  broadening  is  asym¬ 
metric  with  a  broader  wing  towards  lower  qs.  From  SEM 
measurements,  our  structures  are  at  least  —50  nm  wide  and 
the  linewidths  are  symmetric,  which  suggests  that  size  ef¬ 
fects  cannot  account  for  the  broadening  and  shifts. 

Figure  7  shows  examples  of  Raman  spectra  from  grating 
wall  widths  —20  nm,  as  evaluated  by  SEM;  again,  for  com¬ 
parison,  the  Raman  signal  from  bulk  Si,  normalized  to  the 
same  maximum  signal,  is  also  plotted.  Figures  7(a)-7(c)  and 
7(e)  show  a  similar  behavior:  a  central  peak  shifted  only 
slightly  if  at  all  from  the  bulk  mode  and  a  strong  asymmetry 
to  smaller  Raman  shifts.  The  relative  strength  of  the  asym¬ 
metric  tail  varies  significantly  between  spectra.  The  asym¬ 
metric  profile  in  Fig.  7(a)  is  from  a  0.2-yam-period  grating 
that  has  not  been  subjected  to  oxidation  treatment,  similarly 
the  line  shape  in  Fig.  7(e)  is  also  from  a  0.36-yam-period 
grating  without  oxidation  demonstrating  the  capability  of 
lithographic  techniques  for  forming  -20  nm  wall  width 
structures  without  the  need  for  additional  oxidation  thinning. 
The  data  in  Figs.  7(b)-7(d)  are  from  0.94-yam-period  oxi¬ 
dized  gratings  [see  Fig.  3(a)].  In  this  size  regime,  the  Raman 
spectra  are  very  sensitive  to  wall  width,  whereas  the  presence 
of  oxide  films  has  negligible  effect  on  the  line  shape.  The 
spectral  variations  in  Figs.  7(b)-7(d)  are  due  to  slight  varia¬ 
tions  of  wall  width  from  sample  to  sample,  and  even  within 
the  same  sample.  For  all  Raman  measurements,  a  40  X  ob¬ 
jective  was  used  to  focus  the  laser  beam  onto  the  sample 
with  the  spot  diameter  -10  yam,  so  that  the  measurements 
are  sampling  a  very  small  area  of  the  sample,  and  it  was 


impossible  to  precisely  correlate  the  area  measured  by  SEM 
with  the  sample  region  probed  by  the  Raman  measurement. 
The  measured  Raman  signal  from  structures  in  this  regime 
showed  an  enhancement  -3.5  in  comparison  with  bulk  Si. 

The  increasing  asymmetry  and  broadening  of  the  Raman 
mode  is  believed  to  be  the  result  of  the  contributions  of 
nonzone-center  phonons  as  described  above  and  the  effects 
of  phonon  confinement.  Using  a  simple  theoretical  model 
first  developed  by  Richter  et  al.,44  asymmetric  line  shapes 
resulting  from  crystal-size  related  relaxation  of  the  A£~0 
Raman  momentum  selection  rule  can  be  evaluated.29  For  the 
highly  asymmetric  line  shapes  in  Fig.  7,  this  model  predicts 
crystal  sizes  of  —3-4  nm,  much  smaller  than  the  SEM  esti¬ 
mates  of  20  nm.  The  asymmetric  spectral  line  shapes  in  Fig. 
7  appear  to  be  a  convolution  of  two  peaks,  one  centered  at 
520  cm  1  and  a  second  ranging  from  518  to  515  cm-1  in  the 
various  spectra;  this  is  consistent  with  a  splitting  of  threefold 
degenerate  optical  phonons  predicted  by  Kanellis  et  al ,45  for 
thin  slabs  of  Si. 

This  splitting  of  the  bulk  mode  becomes  more  pro¬ 
nounced  as  wall  widths  are  further  reduced.  Figure  8  shows 
three  examples  of  Raman  spectra  measured  from  Si  grating 
structures  with  Si  wall  widths  -5-10  nm.  The  data  in  Fig. 
8(a)  are  from  a  0.94-yam-period  oxidized  grating  [Figs.  3(b) 
and  3(c)],  while  the  data  in  Fig.  8(b)  is  from  an  oxidized 
grating  structure  from  which  oxide  film  has  been  removed  by 
HF  treatment.  Finally,  the  data  in  Fig.  8(c)  are  from  a  grating 


-540  -530  -520  -510  -500 

Wavenumber  shift  (cm*1) 


FIG.  7.  Asymmetric  Raman  line  shapes  from  grating  structures  with  —20 
nm  wall  widths. 
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FIG.  8.  Splitting  of  the  Raman  line  shape  for  gratings  with  wall  widths  of 
— 5—10  nm. 


structure  formed  without  oxidation,  demonstrating  again  the 
possibility  of  forming  -5-10  nm  structures  directly  by  in¬ 
terferometric  lithography  techniques.  Notice  that,  in  addition 
to  the  main  peak  at  -520  cm"1  shift,  there  are  relatively 
weaker  secondary  peaks  centered  at  —510  cm"1  [Fig.  8(a)], 
-505  cm"1  [Fig.  8(b)],  and  -500  cm"1  [Fig.  8(c)].  These 
line  shapes  are  very  different  from  the  highly  asymmetric 
ones  that  result  from  the  simplest  modeling  of  the  breakdown 
of  the  momentum  selection  rule  and  demonstrate  that  more 
significant  physical  effects  are  occurring  at  this  nanoscale- 
size  range.  Also  notice  the  increased  base  line  of  the  signal  in 
Fig.  8(a),  this  is  the  short  wavelength  tail  of  the  PL  signal 
that  will  be  discussed  in  detail  below.  In  our  Raman  scatter¬ 
ing  work  with  nanoscale  wall  width  Si  gratings,  we  have 
always  associated  splitting  of  the  Raman  mode  with  an  onset 
of  visible  PL.  Also,  the  maximum  signal  enhancement  from 
these  nanoscale,  wall  width  structures  was  -1.5  in  compari¬ 
son  with  bulk  Si. 

All  of  the  Raman  data  presented  above  was  measured  for 
incident  and  scattered  electric  fields  parallel  to  the  grating 
walls  (along  a  (112)  crystal  direction).  The  well-defined  geo¬ 
metric  nature  of  grating  structures  allows  an  investigation  of 
polarization  selection  rules.  We  have  investigated  the  four 
possible  backscattering  configurations:  (a)  incident  electric 
field  E  parallel  to  the  grating  walls  and  analyzer  (placed 
between  the  sample  and  the  entrance  slit  of  the  spectrometer) 
parallel  to  E(VIV),  (b)  E  parallel  to  grating  walls  and  ana¬ 
lyzer  perpendicular  to  E(VIH ),  (c)  E  perpendicular  to  grat¬ 


ing  walls  and  analyzer  parallel  to  E(H/H),  and  (d)  E  per¬ 
pendicular  to  grating  walls  and  analyzer  perpendicular  to 
E(HIV).  Polarization  measurements  were  carried  out  by 
keeping  the  incident  beam  polarization  fixed  and  rotating  the 
gratings  by  90°  for  electric  field  to  be  parallel  and  perpen¬ 
dicular  to  grating  walls,  the  analyzer  was  rotated  for  each 
orientation  of  the  grating.  After  grating  rotation,  a  somewhat 
different  spot  was  sampled;  however,  under  repeated  mea¬ 
surements,  similar  behavior  is  observed  suggesting  accuracy 
of  the  trends  illustrated  by  these  measurements.  Figure  9 
shows  a  set  of  measurements  for  grating  wall  widths  MO 
nm,  the  grating  structure  was  fabricated  without  oxidation. 
For  the  VIV  configuration  in  Fig.  9(a),  two  peaks  centered  at 
520  and  502  cm"1  are  observed;  for  the  VI H  configuration  in 
Fig.  9(b),  an  identical  line  shape  is  observed  except  that  the 
signal  intensity  is  reduced  by  a  factor  of  10.  However,  taking 
into  account  the  spectrometer  selection  ratio  of  —10  with 
respect  to  vertically  and  horizontally  polarized  light,  the 
horizontal  and  vertical  polarizations  are  excited  with  equal 
strength  by  the  incident  electric  field  parallel  to  grating 
walls.  The  HIH  configuration  in  Fig.  9(c)  shows  two  peaks 
at  520  and  510  cm"1,  while  the  HIV  configuration  in  Fig. 
9(d)  is  highly  asymmetric  without  distinguishing  the  second 
peak.  The  signal  strength  in  Fig.  9(d)  after  correcting  for 
spectrometer  selectivity  is  almost  twice  that  of  the  HIH  con¬ 
figuration.  Finally,  it  is  significant  that  the  second  peak  (at 
510  cm”1)  shows  a  smaller  shift  in  comparison  with  Figs. 
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FIG.  9.  Polarization  resolved  Raman  line  shapes  for  a  — 10  nm  wall  width 
grating  structure. 
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9(a)  and  9(b)  where  the  incident  electric  field  is  parallel  to 
the  grating  walls. 

In  summary,  Raman  scattering  provides  an  extremely 
sensitive  probe  of  crystalline  Si  wall  widths.  The  measured 
line  shapes  show  similar  behavior  for  7r-Si,  spherical  par¬ 
ticles,  and  laser-annealed  amorphous  Si  films.  Finally,  the 
polarization  behavior  provides  additional  information  on  lat¬ 
tice  dynamics  of  nanoscale  structures. 


IV.  PHOTOLUMINESCENCE  MEASUREMENTS 

Room  temperature  PL  measurements  were  carried  out 
for  cw  257-nm  excitation  (intracavity  doubled  Ar-ion  laser) 
in  a  backscattering  geometry  using  a  real-time  optical  multi¬ 
channel  analyzer,  system  equipped  with  a  1/4  m  spectrom¬ 
eter  and  an  IR  enhanced,  thermoelectrically  cooled  CCD 
camera.  For  system  calibration,  we  evaluated  the  PL  from 
the  quartz  beam  splitter  used  in  our  optical  collection  setup. 
The  PL  from  the  beam  splitter  was  very  weak  and  broadband 
in  comparison  with  the  grating  signal.  In  all  measurements, 
this  background  signal  was  recorded  under  identical  condi¬ 
tions  and  subtracted  from  the  grating  signal  to  eliminate 
background  effects. 

Measurements  were  carried  out  over  a  wide  range  of  Si 
grating  wall  widths,  profiles,  and  depths.  Significant  PL  was 
only  measured  from  samples  with  estimated  5-10  nm  wall 
widths  irrespective  of  their  periods.  As  mentioned  above,  a 
useful  indicator  of  the  onset  of  PL  was  splitting  of  the  bulk 
Raman  mode. 

In  our  initial  PL  measurements  on  gratings  formed  by 
KOH  etching  without  any  additional  oxidation,  we  found 
very  bright,  but  highly  localized,  areas  that  emitted  in  the 
yellow  when  pumped  at  488  nm.  These  were  invariably  near 
areas  of  the  grating  damaged  during  processing  raising  the 
possibility  that  this  PL  was  from  some  undetermined  particu¬ 
late  contamination  or  from  residual  metallic  or  photoresist 
particles  remaining  from  the  processing.  Data  presented  here 
for  Si  and  Si/Si02  structures  are  only  reported  for  regions  of 
the  samples  where  constant  PL  intensity  was  maintained  for 
sample  translations  of  a  few  millimeters,  insuring  that  the 
signals  are  not  due  to  particulate  contamination.  As  demon¬ 
strated  earlier,  the  grating  linewidths  can  be  reduced  either 
through  process  control,  or  by  oxidation.  Oxidation  provided 
better  wall  width  uniformity  over  larger  areas.  We  present 
PL  measurements  from  oxidized  and  unoxidized  gratings 
separately.  For  oxidized  gratings,  background  (base  line)  PL 
measurements  were  carried  out  from  nongrating  parts  of  the 
same  sample.  For  comparison  with  oxidized  grating  PL,  wet 
(H20  ambient)  and  dry  (02  ambient)  thermally  grown  oxide 
films  were  also  investigated.  Finally,  for  comparison  with 
7r-Si  PL,  grating  structures  were  partially  anodized  such  that 
there  was  a  transition  from  completely  porous  structure  to  a 
nonporous  grating  structure  on  the  same  sample.  The  PL 
peaks  varied  across  the  entire  visible  spectrum  from  700  to 
400  nm  in  these  samples.  The  following  three  sections 
present  detailed  PL  measurements  from  oxide  films,  oxidized 
Si  gratings,  and  Si  gratings  without  oxide  films. 
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FIG.  10.  PL  measurements  at  an  excitation  wavelength  of  257  nm  for  a 
thermal  oxide  film  grown  on  a  (100)  Si  surface:  (a)  100  nm  thick,  (b)  700 
nm  thick. 


A.  PL  measurements  from  thermally  grown  oxide  films 
on  <100)  and  <110)  Si 

Figure  10  shows  PL  measurements  from  two  oxide  films 
grown  on  <100)  Si  in  H20  ambient  atmosphere.  The  PL  in¬ 
tensity  from  the  100-nm-thick  film  [Fig.  10(a)]  is  stronger 
than  that  from  the  700-nm-thick  film  [Fig.  10(b)].  For  the 
100-nm-thick  film,  the  PL  line  shape  shows  a  dominant  peak 
at  —500  nm,  and  a  much  weaker  feature  at  —400  nm.  For  the 
700-nm-thick  film,  three  peaks  can  be  distinguished:  a  strong 
peak  at  —480  nm  and  two  weaker  peaks  at  —400  and  550 
nm. 

These  films  had  been  exposed  to  ambient  air  for  long 
periods  before  the  PL  spectra  were  taken.  We  investigated 
the  effects  of  surface  conditions  on  the  PL  by  subjecting 
them  to  both  high  temperature  annealing  and  boiling  water 
treatments.  For  high  temperature  annealing,  oxide  films  were 
placed  in  a  furnace  in  a  N2  atmosphere  and  heated  to 
— 1000  °C  for  30  min.  For  boiling  water  treatment,  oxide 
films  were  placed  in  boiling  deionized  water  for  15  min. 
High  temperature  annealing  completely  quenched  the  oxide 
PL  that  was  not  restored  by  a  subsequent  boiling  water  treat¬ 
ment.  The  PL  partially  recovered  following  a  two-week  ex¬ 
posure  to  air  without  any  noticeable  difference  in  line  shape 
from  the  first  measurements.  Boiling  water  treatment  of  lu¬ 
minescent  (unannealed)  oxide  films  promoted  the  growth  of 
the  400  nm  peak  while  suppressing  the  500  nm  peak.  Figure 
1 1  shows  PL  measurements  from  a  200-nm-thick  Si02  film 
grown  in  an  ambient  H20  atmosphere  on  a  <110)  Si  wafer. 
Comparison  of  PL  before  [Fig.  11(a)]  and  after  [Fig.  11(b)] 
boiling  treatment  shows  that  the  PL  efficiency  of  the  400  nm 
peak  is  improved  by  a  factor  of  4  while  the  500  nm  peak  is 
almost  quenched.  We  also  investigated  PL  from  oxide  films 
grown  in  an  02  ambient  atmosphere  with  qualitatively  simi¬ 
lar  results.  Qualitatively  similar,  but  significantly  weaker,  PL 
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FIG.  11.  Variation  in  PL  for  a  200  nm  thick  oxide  film  on  (110)  Si:  (a) 
as-grown  film,  (b)  after  boiling  water  treatment  for  15  min. 

line  shapes  were  observed  from  as-grown  oxide  films  on 
(111)  Si  faces. 

B.  PL  measurements  from  oxidized  Si  gratings 

Figure  12  shows  a  PL  measurement  from  a  wet  oxidized 
Si  grating  [cf.  Fig.  3(b)];  for  comparison,  PL  from  a  nongrat¬ 
ing  region  of  the  same  sample  is  also  shown  (both  measure¬ 
ments  after  long  term  exposure  to  ambient  air).  The  enhance¬ 
ment  of  the  grating  signal  over  the  oxide  signal  is  ~400  and 
the  grating  signal  shows  spectral  features  including  symmet¬ 
ric  shoulders  at  420  and  540  nm  with  a  peak  nominally  at 
~470  nm.  The  cutoff  at  760  nm  is  instrumental.  Comparison 
of  grating  PL  with  oxide  PL  (Figs.  10  and  1 1)  shows  that  (a) 
the  grating  PL  is  significantly  broader,  and  (b)  the  grating  PL 
peak  ~470  nm  is  close  to  the  spectral  peak  of  the  700-nm- 


Wavelength  (nm) 


FIG.  12.  Photoluminescence  from  thermally  oxidized  gratings,  for  compari¬ 
son  the  PL  from  nongrating  part  of  the  same  sample  is  also  shown. 


FIG.  13.  Measurements  of  photoluminescence  from  different  thermally  oxi¬ 
dized  grating  structures:  (a)  and  (b)  are  from  different  parts  of  the  same 
sample,  (c)  and  (d)  are  from  a  different  sample. 


thick  thermal  oxide  PL.  The  PL  signal  in  both  cases  showed 
a  fast  degradation  under  UV  excitation  with  an  irreversible 
lifetime  of  only  milliseconds. 

Figure  13  shows  a  series  of  PL  measurements  from  dif¬ 
ferent  wet  oxidized  Si  grating  samples.  The  grating  periods 
were  —0.6  /mi,  depth  —1.0  /xm,  and  wall  widths  —10  nm. 
Figures  13(a)  and  13(b)  are  from  different  regions  of  the 
same  sample  and  Figs.  13(c)  and  13(d)  are  from  a  second 
sample.  Perhaps  the  most  interesting  feature  of  these  spectra 
is  the  emergence  of  a  very  narrow  peak  around  370-380  nm 
in  regions  of  both  samples.  This  same  feature  has  been  ob¬ 
served  in  a  number  of  different  samples  and  is  possibly  as¬ 
sociated  with  regions  of  extremely  thin  Si  structures  where 
one-dimensional  effects  become  important.46,47 

As  with  the  oxide  films,  we  investigated  the  variation  of 
oxide  grating  PL  with  high  temperature  annealing  and  boil¬ 
ing  water  treatments.  Figure  14  shows  the  results  of  these 
treatments  on  the  grating  PL  shown  in  Fig.  12.  Annealing 
almost  quenches  the  PL  (dotted  line;  the  vertical  scales  in 
Figs.  12  and  14  are  comparable);  however,  there  is  still  a 
weak,  broad  PL.  Following  boiling  water  treatment  of  the 
same  sample,  PL  is  somewhat  recovered  (solid  line)  in  dis¬ 
tinct  contrast  to  the  behavior  of  the  blanket  oxide  PL  where 
the  boiling  water  treatment  did  not  restore  the  luminescence 
that  had  been  quenched  with  a  N2  anneal.  The  PL  peak  is 
shifted  to  —430  nm,  and  no  longer  has  shoulders  in  compari¬ 
son  with  Fig.  12.  Figure  15  shows  the  results  of  similar  treat¬ 
ments  on  the  sample  giving  the  PL  shown  in  Fig.  13(b). 
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FIG.  14.  Oxidized  grating  PL  (shown  in  Fig.  12)  variation  following  high 
temperature  annealing  (dotted  line)  and  subsequent  boiling  water  treatment 
(solid  line). 


Figure  15(a)  shows  that  high  temperature  N2  annealing 
quenches  the  380  nm  peak,  while  promoting  growth  of  a 
broad  PL  peaking  —500  nm  with  almost  comparable  inten¬ 
sity.  Figure  15(b)  shows  that  boiling  water  treatment  of  the 
same  sample,  subsequent  to  the  N2  anneal,  does  not  produce 
any  further  changes  in  the  PL. 

C.  PL  measurements  from  nonoxidized  gratings 

We  have  also  carried  out  detailed  PL  measurements  of 
Si  gratings  that  were  fabricated  with  KOH  etching  and  were 
not  deliberately  oxidized.  For  these  nonoxidized  gratings,  the 
processing  steps  are  all  low  temperature,  therefore,  some  re¬ 
sidual  photoresist  particles  may  be  trapped  on  the  surface 
even  though  the  photoresist  is  stripped  before  KOH  etching 
and  is  also  attacked  by  the  KOH  solution.  For  an  understand¬ 
ing  of  photoresist  PL  response,  we  carried  out  detailed  PL 


Wavelength  (nm) 


FIG.  15.  Another  example  of  PL  variation  of  thermally  oxidized  gratings 
[shown  in  Fig.  13(b)]  following  high  temperature  annealing  (dotted  line)  and 
subsequent  boiling  water  treatment  (solid  line). 
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FIG.  16.  Measurements  of  photoluminescence  from  KOH-etched  grating 
structures  with  nominal  wall  widths  —10  nm:  (a)  period  0.6  /xm,  (b)  period 
0.9  /xm,  (c)  period  0.36  /xm,  and  (d)  period  0.9  /xm. 


measurements  of  developed  photoresist  films.  At  257  nm  ex¬ 
citation,  photoresist  PL  response  was  broad  with  features  at 
660,  580,  520,  and  480  nm.  The  overall  photoresist  PL  re¬ 
sponse  did  not  show  any  similarity  to  the  PL  from  Si  grating 
structures. 

Figure  16  shows  PL  measurements  from  various  KOH- 
etched  grating  structures,  the  grating  periods  varied  from  0.2 
to  0.9  fi m,  with  nominal  wall  widths  of  —10  nm.  Our  objec¬ 
tive  in  presenting  these  measurements  is  to  illustrate  the  va¬ 
riety  of  different  spectral  line  shapes  that  have  been  observed 
from  these  nanoscale  wall  width  gratings.  The  PL  line  shape 
in  Fig.  16(a)  is  almost  identical  to  oxidized  grating  PL  shown 
earlier  in  Fig.  12.  The  PL  line  shapes  in  Fig.  16(b)  and  16(c) 
are  different  from  oxidized-Si  grating  PL,  although  the  400 
nm  peak  in  Fig.  16(c)  is  similar  to  the  boiling  water  treated 
oxidized-Si  grating  PL  shown  in  Fig.  14.  The  sharp  line  fea¬ 
ture  in  Fig.  16(d)  is  similar  to  the  narrow  lines  in  Figs.  13(b) 
and  13(d),  although  significantly  weaker. 

We  have  also  investigated  variation  of  nonoxidized  grat¬ 
ing  PL  with  annealing  and  boiling  water  treatments.  The  dot¬ 
ted  line  in  Fig.  17  shows  that  high  temperature  annealing 
quenches  the  PL  shown  in  Fig.  16(a)  leaving  a  weak  peak  at 
—400  nm.  The  solid  line  in  Fig.  17  shows  that  the  PL  from 
the  same  sample  following  a  subsequent  boiling  water  treat¬ 
ment  is  greatly  enhanced  with  a  peak  —350  nm.  Another 
interesting  feature  is  the  emergence  of  a  weaker  peak  —700 
nm.  Comparison  of  the  PL  spectra  in  Figs.  16(d)  and  17 
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FIG.  17.  Variation  in  PL  of  KOH-etched  grating  structures  [shown  in  Fig. 
16(a)]  following  high  temperature  annealing  (dotted  line)  and  subsequent 
boiling  water  treatment  (solid  line). 

show  that  the  line  shapes  are  almost  identical  even  though 
they  were  obtained  from  two  different  samples  subjected  to 
different  processing  histories.  The  common  point  being  the 
nanoscale  wall  widths. 

Finally,  we  have  also  investigated  Tf-Si  films  including 
some  grating  structures  that  had  been  made  partially  porous. 
Figure  18  shows  PL  measurements  from  —10  nm  wall  width 
Si  gratings  that  had  been  subjected  to  a  limited,  nonuniform 
electrochemical  treatment  (ethanol-HF  solution  at  45 
mA/cm2  for  several  seconds,  cf.  Ref.  2)  such  that  one  end  of 
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FIG.  18.  PL  measurements  from  gratings  with  varying  degree  of  porosity: 
(a)  7T-Si  for  reference,  (b)  and  (c)  0.9  fcm  period  (1 10)  Si  grating  structures 
made  partially  porous,  and  (d)  same  grating  structure  with  no  porosity.  All 
measurements  are  from  the  same  sample,  but  different  locations. 


the  grating  structure  became  completely  porous,  while  the 
other  end  remained  nonporous.  SEM  studies  of  the  sample 
showed  that  the  grating  was  largely  washed  out  on  the  po¬ 
rous  end  of  the  sample  while  it  remained  intact  at  the  non¬ 
porous  end.  The  PL  measurements  in  Figs.  18(b)- 18(d)  are 
from  this  sample  as  the  excitation  is  translated  from  the  com¬ 
pletely  porous  to  the  nonporous  end.  For  reference,  PL  from 
a  7r-Si  sample  is  shown  in  Fig.  18(a).  Notice  that  for  this 
combined  grating/7r-Si  sample,  PL  peaks  vary  from  —660  to 
460  nm  [Figs.  18(b)  and  18(c)].  The  PL  peak  in  Fig.  18(d)  is 
similar  to  the  PL  from  other  grating  structures  such  as  shown 
in  Fig.  16(c). 

In  summary,  we  have  demonstrated  similar  PL  line 
shapes  from  oxidized  and  nonoxidized  grating  structures. 
The  PL  in  all  cases  degrades  to  background  levels  under  UV 
photoexcitation  on  millisecond  time  scales. 

V.  DISCUSSION 

We  report  interferometric  lithography,  etching,  and  oxi¬ 
dation  techniques  that  together  provide  a  versatile  manufac¬ 
turing  sequence  for  the  formation  of  nanoscale  crystalline  Si 
structures  as  verified  by  Raman  scattering  and  SEM  mea¬ 
surements.  Raman  scattering  measurements  show  distinct 
size  effects  including  large  enhancements,  asymmetric  line 
shapes,  and  splitting  of  the  threefold  degenerate  bulk  mode. 
Measurable  PL  signals  are  generally  associated  with  struc¬ 
tures  showing  this  splitting  of  the  Raman  spectrum.  A  num¬ 
ber  of  interesting  PL  features  are  demonstrated  including  a 
range  of  line  shapes  with  peak  wavelengths  varying  from 
—700  to  380  nm  and  very  different  linewidths.  Two  notable 
results  are  the  presence  of  narrow  sharp  line  features  at  370- 
380  nm,  and  the  absence  of  the  red  emission  peaks  usually 
associated  with  7r-Si,  the  lone  exceptions  being  the  weak  700 
nm  peaks  in  Figs.  16(d)  and  17.  We  have  explored  the  im¬ 
pact  of  surface  treatments  such  as  high  temperature  anneal¬ 
ing  in  a  N2  atmosphere  and  immersion  in  boiling  water  on 
the  PL.  Under  most  conditions,  the  grating  PL  is  significantly 
more  intense  and  shows  a  richer  variety  of  spectral  features 
than  that  from  blanket  oxide  films  as  well  as  a  different  re¬ 
sponse  to  the  various  surface  treatments. 

This  blanket-oxide  film  PL  clearly  is  not  related  to  any 
Si  crystal-size  effects.  In  an  extensive  investigation  of  time- 
resolved  PL  from  bulk  vitreous  Si02  (suprasil-W)  and  amor¬ 
phous  thermal  oxide  films,  Stathis  and  Kastner48  reported 
bulk  Si02  PL  peaks  at  650,  560,  460,  and  290  nm.  For  ther¬ 
mal  oxide  films  grown  by  dry  oxidation  on  Si,  the  560  and 
460  nm  bands  were  not  observed.  In  addition,  even  in  the 
bulk  material,  the  460  nm  band  was  only  observed  at  low 
temperatures.  McKnight  and  Palik49  reported  observation  of 
the  460  nm  band  following  e-beam  irradiation  of  thermally 
grown  oxide  films.  Similar  results  were  reported  by  Skuja 
et  al.50  following  neutron  irradiation  of  a-Si02  films.  These 
results  suggest  that  the  origin  of  the  460  nm  band  is  related 
to  oxide  defects.  DiMaria  et  al.51  reported  strong  electrolu¬ 
minescence  peaks  at  650  and  470  nm  from  Si-rich  chemical 
vapor  deposition  Si02  films  and  proposed  quantum-size  ef¬ 
fects  in  nanoscale  a-S i  islands  as  possibly  responsible  for  the 
PL.  Pliskin52  investigated  the  infrared  properties  of  Si02 
films  deposited  under  a  variety  of  conditions  and  quantified 
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the  SiOH  and  H20  concentrations.  Hartstein  et  al53  investi¬ 
gated  Si-rich  Si02  films  using  attenuated  total  reflection 
techniques  and  showed  significant  (1021  cnT3)  amounts  of 
SiOH,  H20,  and  SiH  in  as-deposited  films,  but  no  detectable 
H  groups  following  1000  °C  anneal.  We  can,  therefore,  hy¬ 
pothesize  that  the  thermally  grown  oxide  films  form  SiOH 
complexes,  either  in  the  bulk  or  at  the  Si/Si02  interface, 
under  exposure  to  air  that  result  in  the  room  temperature  PL. 
High  temperature  annealing  results  in  hydrogen  desorption 
and  quenching  of  the  PL,  and  the  process  is  reversed  again 
on  exposure  to  air.  In  view  of  the  nanostructure  Si  results,  it 
is  significant  that  immersion  in  boiling  water  does  not  restore 
the  PL. 

Before  discussing  the  grating  PL  results,  it  is  important 
to  note  that  passivation  of  the  surface  can  play  an  equally 
large  role  in  determining  the  photoluminescence  signal 
strength  as  does  the  radiative  matrix  element  associated  with 
size  effects  and/or  radiative  centers.  This  is  illustrated  by  a 
very  simple  rate  equation  analysis  that  includes  both  radia¬ 
tive  (rr)  and  nonradiative  (rnr)  decay  mechanisms  for  excited 
carriers.  The  result  is 

«> 

where  P  is  the  excitation  rate.  An  effect  that  modifies  the  PL 
spectrum  or  efficiency  cannot  be  uniquely  ascribed  to  chang¬ 
ing  either  the  radiative  or  nonradiative  lifetimes. 

It  is  instructive  to  review  briefly  some  relevant  features 
of  7r-Si  PL.  Tischler  et  al.54  showed  that  simultaneous  expo¬ 
sure  to  02  and  laser  illumination  quenched  the  red  emission 
from  7r-Si.  Also,  Robinson  et  al5  showed  that  thermal  an¬ 
nealing  of  7r-Si  in  ultrahigh  vacuum  (UHV)  resulted  in 
quenching  of  the  red  emission.  Considering  the  temperature- 
related  desorption  of  SiOH,  H20  and  SiH*  reported  by  Hart¬ 
stein  et  al.53  we  can  hypothesize  that  7r-Si  emission  is  re¬ 
lated  to  Si:Kx  complexes  associated  with  crystalline  Si 
nanostructures.  This  is  similar  to  the  models  of  Koch  et  aln 
and  of  Qin  and  Jia55  in  which  the  quantum  size  effect  is 
responsible  for  the  absorption  with  surface  states  being  im¬ 
plicated  in  the  emission  process.  This  is  supported  by  visible, 
wideband  (up  to  520  nm)  optical  emission  from  Si:H  par¬ 
ticles  reported  by  Furukawa  and  Miyasato10  from  2-5  nm 
diam  crystalline  Si  particles  surrounded  by=SiH2  groups. 
Dinh  et  al 56  have  reported  500-600  nm  emission  from  3-5 
nm  Si  clusters  exposed  to  ambient  air  for  extended  periods; 
as-grown  cluster  samples,  formed  in  UHV  by  laser  ablation 
of  a  Si  target,  did  not  show  any  luminescence. 

Thermal  annealing  of  the  both  oxide  and  nonoxide  Si 
gratings  results  in  significant  reduction  of  the  PL  efficiency 
except  for  the  case  shown  in  Fig.  15.  Almost  complete  re¬ 
covery  of  the  grating  PL  is  found  following  immersion  in 
boiling  deionized  water;  in  distinct  contrast  to  the  case  of 
blanket-oxide  films  where  the  luminescence  is  not  restored 
by  immersion  in  boiling  water  following  a  high  temperature 
anneal.  These  observations  suggest  that  surface  passivation 
plays  a  key  role  in  efficient  luminescence  from  Si  nanostruc¬ 
tures.  For  the  KOH  etched  gratings,  our  surfaces  are  almost 
perfect  (111)  planes;  for  the  oxidized  gratings,  there  is  a 
variation  in  the  surface  planes,  which  are  buried  under 


— 500-1 000-nm-thick  oxide  layers.  Using  Fourier  transform 
infrared  spectroscopy,  Watanabe  et  al51  reported  that  boiling 
water  treatment  of  freshly  HF-etched  (111)  Si  produces  an 
automically  smooth  surface  homogeneously  covered  with 
silicon  monohydride  (-SiH)  normal  to  the  surface  and  free  of 
oxidation.  The  water  treatment  seems  to  react  with  Si  di-  and 
trihydrides  to  replace  them  from  the  surface  leaving  SiH 
bonds. 

The  blue  emission  reported  from  oxidized  7r-Si  struc¬ 
tures  is  similar  to  the  PL  measured  from  the  Si  gratings.  Our 
results  again  suggest  that  both  nanostructured  Si  and  Si-H 
bonds  play  a  role  in  the  PL.  The  sharp  spectral  feature  at 
—370-380  nm  [Figs.  13(b)  and  13(d)]  shows  significant 
similarities  to  the  340  nm  a~a ■*  excitonic  emission  of  linear 
Si  polymer  chains.46 

In  summary,  we  report  a  number  of  optical  characteris¬ 
tics  of  nanoscale,  one-dimensional  Si  grating  structures  as 
wall  widths  are  reduced  from  —100  to  —10  nm.  The  tech¬ 
niques  used  to  form  these  structures  are  simple,  inexpensive, 
and  adaptable  to  large-scale  microelectronics  manufacturing. 
These  structures  with  enhanced  surface  areas  may  play  an 
important  role  in  future  development  of  high  efficiency  solar 
cells,  field-emission  devices,  and  Si  light  emitters.  A  more 
detailed  understanding  of  PL  mechanisms  will  emerge  by 
continuation  of  this  work  in  fabrication  and  electrical  excita¬ 
tion  of  ID  and  2D  structures.  PL  lifetime  measurements  will 
provide  additional  information  about  the  nature  of  the  re¬ 
combination  processes.  The  important  role  of  Si-H  bonds 
can  be  investigated  by  controlled  hydrogen  (H,  H^  diffusion 
processes.  Finally,  it  is  important  to  develop  a  theoretical 
framework,  both  for  the  microscopic  mechanisms  giving  rise 
to  the  photoluminescence  and  for  their  interactions  with  elec¬ 
tromagnetic  fields  in  this  periodic,  nanoscale  regime. 
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We  report  both  enhancement  and  inhibition  of  spectrally  integrated,  cavity-normal  room 
temperature  spontaneous  emission  (SpE)  in  an  extemal-microcavity  surface-emitting  laser  as  the 
cavity  length  is  varied.  The  use  of  an  external  cavity  permits  changes  in  resonator  length  without 
altering  the  semiconductor  properties.  Measurements  of  the  SpE  radiation  pattern  and  spectrum 
under  conditions  of  enhancement  and  inhibition  are  compared  to  the  macrocavity  continuum  limit. 
A  transition  of  continuum  behavior  occurs  as  the  cavity  length  is  increased  beyond  the  spontaneous 
emission  coherence  length.  ©  1996  American  Institute  of  Physics.  [S0003-695 1  (96)03052-5] 


The  vertical-cavity  surface-emitting  laser  (VCSEL)  is 
both  a  natural  tool  for  the  investigation  of  microcavity  phys¬ 
ics  and  a  technologically  important  device.1,2  Recent  experi¬ 
ments  and  modeling  have  shown  that  microcavity  physics 
plays  an  important  role  in  establishing  the  VCSEL  lasing 
threshold3,4  and  line  width. 5  A  microcavity  resonator  can  con¬ 
siderably  increase  the  efficiency  of  light  emitting  diodes 
(LEDs).6  Most  recently,  the  microcavity  has  been  used  to 
produce  Fock  number  states  of  the  electromagnetic  field.7 
The  reduction  of  VCSEL  lasing  threshold  and  the  increase  in 
LED  efficiency  are  primarily  driven  by  the  reduced  photon 
density  of  states  inherent  in  short  cavities,  which  directs 
more  of  the  spontaneous  emission  (SpE)  onto  the  optical 
axis.8  Most  experiments9,10  investigating  VCSEL  microcav¬ 
ity  SpE  have  relied  on  differing  growth  conditions  to  affect 
changes  in  cavity  length.  This  technique  is  inevitably  subject 
to  potential  sample-to-sample  material  variations.  In  this 
work,  we  overcome  that  limitation  by  introducing  an  external 
mirror  which  allows  the  resonator  length  to  be  changed  with¬ 
out  any  impact  on  material  properties.  Further,  much  larger 
changes  in  cavity  length  can  be  achieved  in  an  external- 
cavity  configuration,  allowing  us  to  observe  the  microcavity 
to  macrocavity  transition. 

The  typical  VCSEL  high  reflectivity  (HR)  top  mirror  is 
replaced  in  these  experiments  by  an  epitaxially  grown  anti¬ 
reflection  (AR)  coating  which  minimizes  coupled-cavity  ef¬ 
fects.  The  active  region  consists  of  a  30-QW  resonant- 
periodic-gain  (RPG)11  section  with  the  spacing  between 
quantum  wells  (— X/2n)  chosen  to  account  for  QW-barrier 
reflections.12  The  back  mirror  is  a  30  pair 
Alo.3oGao.7oAs/AlAs  high  reflector  (/?- 99.8%)  and  the  exter¬ 
nal  cavity  is  completed  by  a  planar  dielectric  mirror 
(R~ 99.8%).  The  HR  and  AR  coatings  have  a  center  wave¬ 
length  of  —835  nm  and  a  bandwidth  of  —50  nm.  The  epi¬ 
taxial  structure  of  the  device  is  shown  in  Fig.  1.  The  average 
thickness  of  the  layers  was  determined  by  high  resolution 
x-ray  diffraction.  Photoluminescence  from  the  HR  and  AR 
regions  was  used  to  determine  the  A1  composition.13  None  of 
the  layers  were  intentionally  doped. 


The  microcavity  is  a  plano-plano  Fabry— Perot  resonator 
whose  end  mirrors  are  the  epitaxial  HR  and  the  external  mir¬ 
ror.  Die  first  experimental  step  is  to  remove  the  GaAs  sub¬ 
strate  so  that  the  quantum  wells  can  be  excited  from  the  HR 
side  of  the  cavity.  This  avoids  possible  artifacts  from  varia¬ 
tions  in  the  amount  of  pump  absorbed  with  cavity  length  due 
to  Fabry-Perot  resonances,  since  die  AR  coating  is  not  de¬ 
signed  for  the  pump  wavelength.  Since  —99%  of  die  pump 
beam  is  absorbed  in  a  single  pass,  reflection  of  die  pump 
beam  by  the  external  mirror  after  a  first  pass  does  not  appre¬ 
ciably  change  the  amount  of  absorbed  pump  power.  Removal 
of  the  GaAs  substrate  was  accomplished  using  a  6.6:1  vol¬ 
ume  ratio  citric  acidihydrogen  peroxide  etchant.14  The  epi¬ 
taxy  was  then  bonded  to  a  high  thermal  conductivity  sap¬ 
phire  submount  using  UV-curing  optical  adhesive. 

Excitation  of  both  the  QW  and  spacer  regions  is  pro¬ 
vided  by  the  beam  from  a  cw  ring-dye  laser  operating  at  716 
nm  with  10  mW  focused  by  a  27-cm  focal  length  lens.  The 
resulting  pump  power  density  is  at  least  30  dB  below  the 
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FIG.  1 .  Epitaxial  growth  stack  for  the  external  cavity  surface-emitting  laser 
showing  the  antireflection  coat  (top  section),  gain  region  (middle  section), 
and  high  reflector  (bottom  section). 
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FIG.  2.  The  variation  of  the  on-axis,  spectrally  integrated  SpE  as  a  function 
of  increasing  cavity  length.  Points  of  enhanced  and  inhibited  SpE  are 
marked.  The  total  cavity  length  is  —22  (im  with  about  16  /or l  (optical 
length)  within  the  epitaxial  layers. 

lasing  threshold  of  120  mW  focused  to  a  15  fim  He 2  beam 
waist  radius.  We  thus  neglect  the  role  of  stimulated  emission. 

An  optical  multichannel  analyzer  (OMA)  is  used  to  mea¬ 
sure  the  SpE  spectrum  along  the  optical  axis.  The  OMA  has 
a  resolution  of  2.5-nm  full  width  at  half-maximum  (FWHM) 
and  its  spectral  response  has  been  normalized  against  a 
blackbody  radiator.  A  PIN  photodiode  rotating  on  the  arc  of 
a  circle  centered  on  the  optical  axis  measures  the  spectrally 
integrated  SpE  radiation  pattern  with  a  resolution  of  —2°. 
Both  color-glass  and  dielectric  filters  are  used  to  prevent  any 
leakage  of  pump  radiation  into  the  detection  system.  We  es¬ 
timate  at  most  a  5%  error  in  the  angular  measurements  from 
the  spectral  dependence  of  these  filters. 

Figure  2  shows  successive  enhancement  and  suppression 
of  the  cavity-normal  spectrally  integrated  SpE  as  the  cavity 
length  is  varied  through  —0.75  Xmcan,  where  Xmcan~844  nm 
is  the  mean  SpE  wavelength.  The  variation  of  the  on-axis 
spectrally  integrated  SpE  with  cavity  length  is  25%.  The  to¬ 
tal  cavity  length  for  this  configuration,  calculated  from  the 
longitudinal  mode  spacing,  is  —22  /im,  with  —16  fim  inter¬ 
nal  to  the  epitaxy.  All  lengths  are  given  in  terms  of  optical 
(rather  than  physical)  path. 

Figure  3  compares  the  SpE  spectrum  under  the  condi¬ 
tions  of  enhancement  and  inhibition  indicated  in  Fig.  2.  Note 
that  under  the  enhancement  condition,  the  peaks  to  the  left  of 
the  central  peak  alternate  in  relative  intensity,  probably  re¬ 
sulting  from  the  RPG  longitudinal  mode  selectivity  which 
couples  strongly  only  to  even  or  only  to  odd  numbered 
modes. 

Azimuthal  SpE  radiation  patterns  are  shown  in  Fig.  4. 
The  circles  are  from  a  cavity  longer  than  100  /an  and  repre¬ 
sent  the  macrocavity  limit.  The  squares  are  from  a  short  cav¬ 
ity  (—20  /an)  under  enhancement  conditions.  Note  that  the 
angular  spread  is  much  narrower  than  for  the  macrocavity. 
The  triangles  are  from  a  short  cavity  under  inhibition  condi¬ 
tions.  The  inverse  phase  relationship  between  the  enhanced 
and  inhibited  curves  evident  at  18°  is  maintained  at  least  to 
40°. 

To  observe  the  transition  to  continuum  behavior,  we  use 


FIG.  3.  On-axis  SpE  spectra  for  the  points  of  enhanced  (solid)  and  inhibited 
(dashed)  SpE  marked  in  Fig.  4.  Dotted  line  is  the  spectrum  in  the  macro- 
cavity  limit 

the  photodiode  to  measure  the  enhanced  and  inhibited,  spec¬ 
trally  integrated,  wafer-normal  SpE  intensity  for  total  cavity 
lengths  up  to  —55  /mi  as  shown  in  Fig.  5.  A  total  cavity 
length  —21  fim  is  the  shortest  which  could  be  achieved 
within  experimental  constraints.  Note  that,  as  expected,3 
relatively  little  modulation  is  observed  for  cavity  lengths  ex¬ 
ceeding  the  37-/tm  SpE  coherence  length  defined  by 
Xmean2/^  where  cr  is  the  rms  spectral  width  of  the  SpE  in  the 
macrocavity  limit. 

Bjork  recently  reported  a  method  for  estimating  the 
change  in  total  (spectrally  and  angularly  integrated)  SpE 
with  cavity  length.15  The  method  involves  finding  the  SpE 
rate  for  each  angular  mode  of  the  cavity  and  then  summing 
the  contribution  from  each  mode.  The  quantum  wells  are 
approximated  by  perfect  dipoles  and  the  angular  integration 
is  performed  in  the  limit  of  unit  reflectivity  mirrors.  Extend¬ 
ing  Bjork’s  model  to  include  asymmetric  and  RPG  resonator 
designs,  we  find  that  for  the  relatively  long  cavity  lengths 
(compared  to  Xmcan)  used  in  these  experiments  there  should 
be  less  than  a  1%  variation  in  total  cavity  SpE  with  cavity 


Angle  from  Cavity  Normal  (degrees) 

FIG.  4.  SpE  azimuthal  radiation  patterns  under  conditions  of  enhancement 
(squares),  inhibition  (triangles),  and  in  the  macrocavity  limit  (circles).  The 
lines  are  fits  to  the  data  to  provide  a  guide  to  the  eye. 
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Approximate  Total  Cavity  Length  (pm) 


FIG.  5.  Magnitude  of  the  enhanced  (squares)  and  inhibited  (circles)  on-axis, 
spectrally  integrated  SpE  as  a  function  of  cavity  length.  The  SpE  coherence 
length  is — 37  pm  and  the  optical  thickness  within  the  epitaxy  is  —16  pm. 


length.  Thus,  the  observed  narrowing  of  the  radiation  pattern 
is  primarily  responsible  for  changes  in  the  wafer-normal  SpE 
intensity. 

In  summary,  we  have  measured  microcavity  induced 
narrowing  of  the  SpE  radiation  pattern  leading  to  modulation 
of  the  spectrally  integrated  wafer-normal  SpE  in  an  external- 
cavity  surface-emitting  laser.  We  have  observed  the  transi¬ 
tion  to  continuum  behavior  as  the  cavity  length  is  increased 
beyond  the  SpE  coherence  length.  Future  experiments  will 


attempt  to  measure  the  reduction  in  the  lasing  threshold  due 
to  the  increased  on-axis  SpE  intensity. 
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Abstract 

An  innovative  fabrication  process  for  forming  1-D,  nanoscale  linewidth  grating  and  wire  structures  in  (100)  Si  is 
reported.  Scanning  electron  microscope  and  Raman  scattering  measurements  demonstrate  crystalline  structures  with  widths 
as  small  as  ~  1.5  nm.  For  structures  <  10  nm,  room  temperature  photoluminescence  measurements  (257  nm  excitation) 
show  spectral  peaks  -  380-500  nm.  In  contrast  to  the  Raman  scattering  results,  which  show  a  definite  correlation  with 
structure  widths,  the  PL  spectra  are  relatively  invariant  as  structure  widths  are  reduced  below  10  nm. 

Keywords:  Raman  scattering;  Si  quantum  size  effects;  Room  temperature  Si  photoluminescence 


Nanoscale  crystalline  semiconductors  with  physical 
sizes  <  10  nm  show  distinct  changes  in  physical  proper¬ 
ties  [1]  arising  from  quantum-size  effects.  As  a  result  of 
the  inherently  large  surface- volume  ratios,  the  observed 
electronic  properties  are  also  driven  in  part  by  surface 
physics  and  local  bonding  chemistry.  Since  Canham  [2] 
first  attributed  visible  room  temperature  photolumines¬ 
cence  (PL)  from  porous  Si  (7r-Si)  to  quantum  confinement, 
a  number  of  first-principles  calculations  predicting  an  in¬ 
crease  in  the  bandgap  for  Si  crystal  sizes  £  5  nm  have 
been  reported  [3-8].  Extensive  experimental  work  [9-11] 
has  been  carried  out  with  the  aim  of  understanding  the 
physical  mechanisms  responsible  for  the  visible  PL  from 
7r-Si.  Modeling  efforts  have  focused  on  quantum -confine¬ 
ment,  Si:Ux  complexes,  and  surface-state  mechanisms.  A 
fully  satisfactory  picture  has  yet  to  emerge.  Part  of  the 
problem  lies  in  the  complexity  [12]  of  the  3-D  structure  of 
7r-Si  formed  by  conventional  anodization  that  makes  it 
difficult  to  controllably  isolate  surface  from  crystal-size 
effects.  A  fabrication  approach  based  on  lithography  com¬ 
bined  with  standard  semiconductor  processing  techniques 
is  better  suited  to  establish  the  size  dependence  of  the 
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optical  response.  This  fabrication  approach  must  be  able  to 
consistently  reproduce  patterns  at  <  10  nm  scale,  which  is 
well  beyond  the  limits  of  conventional  imaging  optical 
lithography.  Serial  electron-beam  lithography  has  better 
resolution,  down  to  about  100  nm;  however,  it  is  slow  and 
difficult  to  control  to  produce  large  areas  of  uniform 
structures.  Liu  et  al.  [13]  and  Fischer  et  al.  [14]  have 
applied  e-beam  lithography  to  fabricate  2-D  Si  post  struc¬ 
tures  for  characterization  of  band  gap  variations.  Fischer  et 
al.  reported  [14]  weak  luminescence  ~  750  nm  that  they 
attributed  to  ~  20-nm  diameter  posts.  Very  recently,  Nas- 
siopoulos  et  al.  have  reported  [15]  on  the  fabrication  and 
photoluminescence  properties  of  Si  nanostructures  fabri¬ 
cated  by  deep-UV  lithography  coupled  with  reactive-ion 
etching.  We  present  a  novel  fabrication  sequence  combin¬ 
ing  interferometric  lithography,  anisotropic  wet-chemical 
etching,  and  three-dimensional  oxidation  which  provides, 
for  the  first  time,  a  capability  of  forming  <  10  nm  Si 
structures  over  large  areas  with  low  damage  and  well-con- 
trolled  physical  structures  and  surface  chemistries.  Optical 
characterization  of  these  structures  shows  a  continuous 
evolution  of  the  phonon  Raman  lineshapes  as  the  structure 
dimensions  are  reduced  as  well  as  the  onset  of  visible 
photoluminescence  (~  500  nm)  for  structure  dimensions 
below  ~  10  nm. 

Interferometric  lithography  provides  a  simple  and  inex* 
pensive  alternative  for  the  fabrication  of  large  areas  ol 
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nanoscale  linewidth  structures  [16],  The  scale  of  these 
structures  can  be  reduced,  while  at  the  same  time  improv¬ 
ing  the  dimensional  uniformity,  by  combinations  of  Si 
anisotropic  etching  [17]  and  thermal  oxidation  [18].  One¬ 
dimensional  grating  structures  are  first  formed  in  positive 
photoresist  and  a  lift-off  process  is  used  to  form  a  Cr 
pattern  that  serves  as  an  etch  mask  for  subsequent  reactive 
ion  etching  (RIE)  in  a  CC12F2  plasma  (rf  power  ~  150  W, 
pressure  ~  70  mTorr).  Fig.  la  shows  a  scanning  electron 
microscope  (SEM)  image  of  a  2.0-/im  period  (linewidth 
~  0.9  /Am,  depth  ~  0.9  /im)  grating  etched  into  Si.  The 
Cr  etch  mask  in  Fig.  la  was  aligned  along  a  [100]  direction 
to  expose  <011)  planes  in  the  approximately  vertical  side- 
walls.  Fig.  lb  shows  a  SEM  image  of  the  grating  (Fig.  la) 


following  ~  20-minutes  of  room  temperature  etching  in  a 
40%  KOH  solution.  For  (100)  Si,  with  the  etch  mask 
aligned  along  a  [110]  direction,  wet-chemical  etching  pro¬ 
duces  [17]  V-shaped  grooves  formed  by  intersecting  (111) 
planes.  In  the  present  geometry,  a  more  complex  three-di¬ 
mensional  profile  is  formed.  Three  significant  features  are: 
(a)  ~  100-nm  linewidths  in  the  middle  of  each  grating 
line,  (b)  limiting  higher  order,  low  etching  rate  planes  al 
the  top  and  bottom  of  grating  lines,  and  (c)  inhomogeneous 
steps  on  the  sidewalls  due  to  other  low  etch  directions 
revealed  by  the  imperfections  in  the  RIE  process.  Tc 
reduce  the  linewidths  in  the  narrow  necking  regions  in  th€ 
middle  of  these  structures  to  quantum  dimensions,  con¬ 
trolled  thermal  oxidation  processes  [18]  were  carried  out 


09200*  29KVyg6:6K*|:ff|t4f  Bl  10910  25Kv|x76*.  OK*  6!  43ur 


Fig.  1.  Sequence  of  SEMs  illustrating  nanostructure  fabrication,  (a)  Rectangular  grating  (period  2  /im,  linewidth  0.9  /im,  depth  0.9  fin 
formed  in  (100)  Si  by  combination  of  interferometric  lithography,  Cr  lift  off  to  form  a  hard  etch  mask,  and  anisotropic  RIE  (CG2F2  @ 
mTorr);  (b)  undercut  profiles  following  ~  20  min  wet  etch  in  40%  KOH;  (c)  ~  50  nm  minimum  linewidth  Si  structure  following  oxida 
(1000°C  in  02  atmosphere  at  ~  3  seem);  and  (d)  ~  5  nm  minimum  linewidth  structure  (smallest  resolvable  by  the  SEM  because  of  e-b 
induced  oxidation). 
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The  Si  dry  oxidation  was  carried  out  in  an  02  atmosphere 
(rate  -  3  seem)  at  a  temperature  of  ~  1050°C.  Figs,  lc 
and  Id  show  SEM  micrographs  where  the  narrowest  por¬ 
tions  of  the  lines  have  been  reduced  to  20  and  to  -  5  nm. 
Notice  that  the  sidewall  step-size  variations  have  been 
smoothed  by  the  oxidation.  Also,  Fig.  Id  demonstrates  that 
this  fabrication  process  can  also  be  used  to  form  free¬ 
standing  isolated  Si  wires  on  Si  substrates  by  continuing 
the  oxidation  past  the  point  where  the  neck  is  completely 
pinched  off.  SEM  inspection  of  these  structures  reveals 
significant  linewidth  variations  arising  primarily  from  the 
inhomogeneous  step-size  variations  on  the  sidewalls.  For 
structures  <  10  nm,  SEM  characterization  is  difficult  be¬ 
cause  of  a  rapid,  e-beam-induced  oxidation  of  the  remain¬ 
ing  Si  material.  A  realistic  picture  of  these  structures  is  one 
of  isolated  crystalline  wire,  or  slab-like  structures  (thick¬ 
ness  of  -  1-10  nm,  lengths  and  heights  ~  0.2-0.5  ^m) 
embedded  in  thermally  grown  oxide  films. 

The  optical  response  of  these  nanoscale  structures  has 
been  investigated  by  Raman  scattering  (RS)  and  PL  mea¬ 
surements.  RS  has  been  extensively  used  for  the  character¬ 
ization  of  7r-Si  [19],  spherical  Si  nanoscale  particles  in  an 
oxide  matrix  [20],  and  laser  annealed  amorphous  Si  films 
[21].  These  measurements  all  show  a  sharp  peak  at  —  521 
cm  1  corresponding  to  the  bulk  Si  plus  a  broad  peak 
extending  to  low  frequencies  attributed  to  crystal  sizes 
<  10  nm.  Backscattering  RS  measurements  were  carried 
out  using  a  40  X  objective  to  focus  the  488-nm  laser  beam 
onto  the  sample  (~  10  fim  diameter  spot  size).  Spectra 
were  analyzed  with  a  3/4-m  double  spectrometer  and  a 
cooled  GaAs  photomultiplier  with  photo-counting  electron¬ 
ics.  Figs.  2a-d  show  as-measured  spectra  from  varying 
samples  and  positions,  while  Figs.  2e— h  show  the  same 
measurements  after  subtracting  the  RS  signal  measured 
from  a  non-grating  region  of  the  same  sample  (this  bulk 
Raman  signature  is  plotted  in  Fig.  2h).  This  signal  subtrac¬ 
tion  is  appropriate  since  the  nanoscale  structures  represent 
only  a  small  fraction  of  the  sample  area.  The  ordering  of 
the  figures  is  in  increasing  shift  from  the  bulk  Si  line. 
Because  of  the  nonuniformities,  this  does  not  correspond 
to.  any  systematic  variation  of  position  on  the  sample.  The 
sharp  line  feature  at  ~  530  cm  “ 1  is  a  laser  plasma  line 
that  serves  as  an  absolute  frequency  marker  (and  an  indica¬ 
tor  of  the  spectrometer  resolution).  Comparison  of  Figs.  2a 
and  2e  shows  that  the  Raman  lineshape  from  the  nanos¬ 
tructures  is  down-shifted  by  -2cm‘1  from  the  bulk  Si 
peak  and  is  highly  asymmetric,  with  an  apparent  low 
frequency  shoulder.  Fig.  2b  shows  the  emergence  of  a 
second  peak  from  this  shoulder  at  ~  515  cm”  \  the  sub¬ 
tracted  signal  in  Fig.  2f  shows  a  broad  (FWHM  -8 
cm”1)  lineshape  down-shifted  by  about  5  cm-1.  Fig.  2c 
shows  a  pronounced  peak  at  ~  507  cm”1,  and  a  shoulder 
at  ~517  cm  *.  The  subtracted  signal  in  Fig.  2g  reveals 
the  presence  of  two  peaks  approximately  centered  at  ~  507 
and  516  cm”1  respectively.  Finally,  Fig.  2d  shows  a  broad 
peak  at  -  495  cm”1,  and  a  shoulder  at  ~  518  cm”1.  The 


(excitation  wavelength  488  nm).  The  left  column  are  as-measi 
spectra,  the  right  column  are  nanostructure  spectra  after  : 
tion  of  the  bulk  Si  spectrum  from  a  non-grating  region  1 
sample.  Features  are  softening,  asymmetry  and  splitting  co| 
with  calculations  of  the  phonon  frequencies  of  Si  slabs. 
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subtracted  signal  in  Fig.  2h  shows  two  well-defined* 
a  stronger  peak  at  —  518  cm” 1  with  FWHM  ~  5.4  cn 
and  weaker  peak  significantly  broadened  to  ~  12 
centered  at  ~  495  cm”1.  For  comparison, 

Raman  peak  also  shown  in  Fig.  2h  has  a 
cm”  *.  In  summary,  the  RS  measurements  in  Fig.  2  der 
strate  a  continuous  evolution  of  the  bulk  Raman 
crystal  dimensions  are  reduced  below  10  nm. 
shape  broadening  can  be  attributed  to  a  breakdown  o 
momentum  selection  rule  [22]. 

Room  temperature  PL  measurements  of  these® 
structures  were  carried  out  in  a  backscattering  coM 
tion  using  a  10  X  reflective  microscope  objective  to 
a  257-nm  laser  beam  (intracavity  doubled  Ar-ioj 
onto  the  sample.  Spectra  were  analyzed  using 
optical  multiple-channel  analyzer  system  equipp 
thermoelectrically-cooled,  IR  enhanced  CCD  camen 
measurements  were  carried  out  for  two  spectra| 
340-740  and  580-980  nm.  In  the  visible-near 
the  PL  signal  was  weak  with  some  structure  at  ~  64 
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Wavelength  (nm) 


Fig.  3.  Photoluminescence  from  Si  nanostructures  (257-nm  excita¬ 
tion).  Two  columns  are  different  spots  of  the  same  sample.  Top 
spectra  are  immediately  following  fabrication  (or  equivalently 
after  1000°C  N2  anneal);  bottom  spectra  are  after  long  term 
( ~  weeks)  exposure  to  laboratory  ambient.  The  sharp  spectral 
feature  at  380  nm  is  quenched  by  the  high  temperature  anneal. 


800  nm.  The  PL  intensity  at  these  spectral  positions  was 
not  consistent,  and  exhibited  a  rapid  degradation  under  the 
laser  excitation.  In  the  340-740  nm  spectral  range,  rela¬ 
tively  strong,  stable,  reproducible  PL  was  measured.  Fig.  3 
shows  the  primary  features  of  the  PL  measurements  from 
these  oxidized  grating  structures.  Figs.  3a  and  3c  show  that 
the  characteristic  PL  lineshape  is  broad  (FWHM  ~  170— 
200  nm),  slightly  asymmetric  to  longer  wavelengths,  with 
peaks  varying  from  ~  500  nm  (Fig.  3a)  to  ~  460  nm  (Fig. 
3c)  blue-shifted  in  comparison  with  7r-Si  PL  (650-850 
nm).  An  interesting  feature  of  the  PL  is  the  emergence  of  a 
sharp  line  at  ~  380  nm  (Figs.  3b  and  3d)  following 
prolonged  exposure  to  air.  These  peaks  are  quenched 
following  ~  1000°C  annealing  in  a  N2  atmosphere  while 
the  broad  PL  observed  in  Figs.  3a  and  3c  is  unaffected  by 
this  annealing.  The  spectral  lineshape  of  the  380-nm  peak 
strongly  resembles  the  340-nm  er-cr  *  excitonic  emission 
observed  from  linear  Si  back-bone  polymers  [23].  As 
opposed  to  the  RS  measurements,  although  it  is  only 
enabled  by  forming  <  10  nm  structures,  the  PL  response 
does  not  show  a  strong  dependence  on  crystal  size. 

The  RS  measurements  shown  in  Fig.  2  are  consistent 
with  first-principles  calculations  reported  by  Kanellis  et  al. 
[24].  They  calculated  frequencies  of  the  long  wavelength 
optical  modes  of  thin  slabs  of  Si  parallel  to  (111)  planes, 
and  predicted  a  splitting  of  the  in-plane  and  out-of-plane 
modes  for  slab  thicknesses  below  ~  10  nm.  Fig.  4a  shows 
results  of  their  calculations;  both  modes  decrease  in  fre¬ 
quency  exponentially  with  decreasing  slab  thickness.  The 
out-of-plane  mode  frequencies  are  lower  than  the  in-plane 
mode  leading  to  a  splitting  of  the  three-fold  degenerate 
bulk  Raman  mode.  The  broad,  asymmetric  Raman  peaks 
observed  in  Figs.  2a-b  and  2e-f  appear  to  be  a  combina¬ 


tion  of  two  peaks  that  are  too  close  to  be  resolved.  Fronr 
Fig.  4a,  it  is  suggested  that  for  crystal  sizes  ~  8-10  nm 
the  frequencies  of  both  modes  are  split,  but  are  too  close  tc 
be  resolved.  Thus,  the  RS  measurements  of  Figs.  2a,  21 
represent  crystalline  dimensions  of  ~  10  nm.  For  th» 
frequency  shifts  measured  in  Figs.  2c  and  2g,  the  calcu 
lated  frequencies  from  Fig.  4a  are  in  good  agreement  fo 
estimated  crystal  dimensions  of  ~  2  nm.  For  a  broad  mod 
at  495  cm-1  (Figs.  2d  and  2h),  the  calculated  crystallin 
dimension  is  ~  1.5  nm,  and  the  in-plane  mode  would  hav 
a  frequency  of  ~  512  cm-1  which  is  not  in  good  agree 
ment  with  the  observed  mode  at  ~  518  cm-1.  This  dis 
crepancy  can  be  attributed  to  nonuniform  crystal  sizes,  an 
the  fact  that  the  Kanellis  model  was  formulated  for  a  fre 
surface  with  perfect  (ill)  planes.  The  nanoscale  cry* 
talline  structures  under  observation  are  embedded  in  the] 
mally  grown  oxide  and,  in  addition,  have  imperfect  sid( 
walls.  Therefore,  the  RS  data  in  Fig.  2  suggest  crystallir 
sizes  in  the  ~  1.5-  to  10-nm  range. 

Most  first-principles  calculations  of  Si  band  gap  vari; 
tions  with  crystal  sizes  (assuming  wires,  dots  etc.)  predi 
an  exponential  increase  in  the  bandgap  as  crystal  sizes  ai 
reduced  from  10  nm  to  1  nm.  Fig.  4b  shows  results  < 
three  of  these  calculations.  Read  et  al.  [3]  calculated  tl 
bandgap  shift  for  wires  as  a  function  of  the  diameter,  H: 
et  al.  [7]  and  Wang  et  al.  [8]  reported  calculations  f 
spherical  dots.  All  assumed  hydrogen  passivated  surface 


Crystal  size  (nm) 

Fig.  4.  First-principles  calculations  of  the  Raman  and  photoh 
nescence  response  of  Si  as  a  function  of  crystal  size  in  1-10 
range.  The  Raman  calculation  was  done  for  a  slab,  and 
calculations  were  for  wires  and  spheres. 
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Wang  et  al.  also  investigated  the  dependence  of  the  bandgap 
on  shape  and  orientation  of  the  quantum  dots,  and  con¬ 
cluded  that  a  unified  curve  exists  for  quantum  dot  spheres, 
cubes,  and  rectangular  boxes.  An  interesting  feature  of 
these  calculations  is  the  similar  variation  in  both  Raman 
and  PL  response  for  crystal  sizes  below  10  nm.  However, 
comparison  of  our  RS  and  PL  measurements  shows  that 
the  systematic  crystal-size  related  Raman  response  is  not 
matched  by  the  almost  size-independent  photolumines¬ 
cence. 

A  comparison  of  grating  PL  with  that  from  7r-Si  and 
from  uniform  Si02-Si  interfaces  is  also  pertinent.  7r-Si 
exhibits  two  spectral  bands  [25]:  orange-red  (850-650  nm) 
emission  from  as-prepared  material,  and  blue-green  (420- 
540  nm)  emission  from  oxidized  7r-Si.  The  blue-emission 
has  been  attributed  to  SiO^  (x~  1.4- 1.6)  complexes  [26]. 
The  oxidized  grating  PL  is  similar  to  the  blue-emission 
from  oxidized  7r-Si.  We  have  also  investigated  PL  from 
thermally-grown  oxide  films.  For  some  films,  the  mea¬ 
sured  intensity  was  similar  to  the  grating  PL  with  a  peak 
~  490  nm,  and  a  significantly  sharper  FWHM  at  ~  56  nm 
than  observed  for  the  nanostructured  material.  As  opposed 
to  the  grating  PL  where  only  the  narrow  380-nm  line  was 
quenched,  the  oxide  PL  was  completely  quenched  by  a 
high  temperature,  N2-atmosphere,  annealing  process.  This 
suggests  that  grating  PL  origin  is  different  than  the  oxide 
PL. 

In  summary,  we  have  demonstrated  a  simple,  innova¬ 
tive  nanofabrication  processing  sequence  using  (100)  ori¬ 
ented  Si  wafers.  The  fabrication  techniques  can  be  adapted 
to  form  either  gratings,  or  free  standing  isolated  Si  wires 
embedded  in  thermally  grown  oxide  films.  Scanning  elec¬ 
tron  microscope  and  Raman  scattering  measurements 
demonstrate  crystal  sizes  from  ~  1  to  10  nm.  The  Raman 
results  show  a  splitting  and  softening  of  the  degenerate  LO 
phonon  spectra  with  smaller  dimensions.  Room  tempera¬ 
ture  PL  measurements  show  peaks  in  the  spectral  range 
from  460-500  nm  that  are  associated  with  dimensions  of 
<10  nm,  but,  in  contrast  to  the  Raman  results,  are  not 
strongly  dependent  on  crystal  size.  A  sharp  spectral  feature 
appearing  at  380  nm  is  associated  with  long  term  exposure 
to  air  and  associated  changes  in  the  interface  chemistry. 
This  feature  is  quenched  by  a  high  temperature  annealing 
cycle,  while  the  broader  nanostructure-related  features  at 
460-500  nm  are  unaffected  by  the  same  annealing  cycles. 
These  results  demonstrate  that  both  nanostructure  effects 
and  surface/interface  chemical  bonding  have  strong  im¬ 
pacts  on  the  Si  photoluminescence  behavior. 
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Abstract — Widely  tunable  low-threshold  current  laser  diodes 
fabricated  from  an  engineered  multiple-quantum-well  (MQW) 
gain  structure  consisting  of  three  compressively  strained 
In0.2Gao.AAs  wells  of  different  thicknesses  are  reported.  Using  a 
grating  in  an  external  cavity,  a  continuous-wave  tuning  range  of 
70  nm  (911-981  nm)  is  measured  for  a  155-// m  semiconductor 
cavity  length  device  at  a  current  of  32  mA.  This  is  the  lowest 
reported  bias  current  for  a  semiconductor  laser  with  this  broad 
a  tuning  range.  A  maximum  continuous  wave  tuning  of  80  nm 
(901-981  nm)  has  been  measured  at  a  bias  current  of  95  mA. 
At  long  wavelengths,  a  suppression  of  amplified  spontaneous 
emission  and  preferential  population  of  the  lowest  energy  well 
were  observed. 

Index  Terms — Laser  tuning,  quantum-well  devices,  quantum- 
well  lasers,  semiconductor  lasers,  tunable  circuits/devices,  tunable 
semiconductor  lasers. 


I.  Introduction 

MUCH  effort  has  been  devoted  to  the  development  of 
broadly  tunable  semiconductor  lasers  for  use  in  sys¬ 
tems  such  as  wavelength  division  multiplexing  (WDM)  which 
require  discrete  wavelength  channels,  or  in  applications  that 
need  continuous,  mode-hop-free  tuning,  such  as  absorption 
spectroscopy.  Wide,  continuous  tuning  of  laser  diode  sources 
is  best  accomplished  either  thermally  [1]  or  with  a  grating 
in  an  external  cavity  [2].  If  the  need  for  continuous  tuning 
is  relaxed,  then  a  broad  array  of  semiconductor  laser  struc¬ 
tures  incorporating  monolithic  tuning  elements  is  available, 
including:  Y-branch  lasers  [3],  vertical  coupler  filter  lasers  [4], 
sampled  (super  structure)  grating  DBR  lasers  [5],  [6],  vertical 
grating  assisted  codirectional  coupler  lasers  with  rear  sampled 
grating  reflectors  [7],  and  distributed  forward-coupled  lasers 
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[8].  The  purpose  of  this  letter  is  to  present  the  characteristics 
of  external  cavity  tuned  laser  diodes  fabricated  from  a  novel 
multiple-quantum-well  (MQW)  gain  medium. 

Ideally,  a  tunable  semiconductor  laser  should  have  minimal 
threshold  current  and  output  power  variation  across  a  broad 
wavelength  range  of  operation.  Quantum-well  (QW)  materials 
offer  low  threshold  currents  coupled  with  a  broad  tuning  range, 
as  well  as  the  ability  to  tailor  the  gain  medium  to  a  specific 
wavelength  range.  Past  work  on  broadly  tunable  QW  laser 
diodes  has  focused  on  materials  which  contain  either  multiple 
identical  wells  [9]  or  stepped  QW’s  [10]. 

This  letter  presents  initial  investigations  of  an  alternative 
MQW  approach,  wherein  the  transition  energies  from  the  first 
conduction  to  the  first  heavy  hole  subband  (CB1-HH1)  are 
staggered  in  each  of  three  wells  to  broaden  the  gain  spectrum. 
This  MQW  design  is  similar  in  concept  to  that  reported  for 
broad-band  LED’s  [11].  Gain  calculations  show  a  wider  and 
flatter  profile  than  that  of  a  material  which  consists  of  three 
identical  QW’s.  The  use  of  nonidentical  QW’s  allows  tailoring 
of  the  wavelength  range  and  emphasis  on  particular  bands  of 
the  gain  spectrum  through  preferential  population  of  the  wells. 
Our  tuning  experiments  show  that  this  is  possible  using  the 
feedback  of  an  external  cavity  grating  which  induces  carrier 
redistribution  to  a  specific  well  through  mode  competition  and 
spectral  variations  in  carrier  lifetime  in  the  staggered  thickness 
QW  structure. 

n.  Experiment 

The  strained  triple  QW  laser  material  was  grown  using 
metal-organic  chemical  vapor  deposition,  with  1.5-/xm 
Alo.70Gao.30As  cladding  layers  and  0.15-/xm  graded  AlGaAs 
separate  confinement  layers.  The  gain  region  consisted  of 
three  Ino.2Gao.8As  QW’s  of  80-,  60-,  and  45-A  thicknesses, 
separated  by  150-A  Alo.25Gao.75As  barriers.  Ridge  waveguide 
lasers  (9-fim  wide)  were  fabricated  by  standard  contact 
photolithography.  After  cleaving  into  150-300-/zm-long  bars, 
a  two  layer  anti-reflection  (AR)  coating  of  HfC>2-MgF2 
was  electron-beam  evaporated  onto  one  facet  (witness  piece 
reflectivity  was  <1.3%  with  a  center  wavelength  of  950  nm). 
Lasers  were  soldered  onto  copper  heat  sinks  and  mounted 
onto  a  thermoelectric  cooler. 

The  external  cavity  consisted  of  an  objective  lens  (Newport 
F-L20)  that  collimated  the  light  from  the  AR-coated  side  of 
the  laser  and  directed  it  onto  a  1200  line/mm  ruled  diffraction 
grating  mounted  in  a  Littrow  configuration.  Output  from  the 
diode  was  collected  with  another  identical  objective  lens, 
coupled  into  a  multimode  fiber,  and  fed  into  an  optical 
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Fig.  1.  Calculated  modal  gain  profile  for  staggered  thickness  QW  material 
(solid  line)  and  for  three  identical  80-A  Ino.2Gao.sAs/Alo.25Gao.75  As  QW’s 
(dotted  line).  A  constant  quasi-Germi  level  is  assumed.  Sheet  density  is  1.75 
X  10l2/cm2. 

spectrum  analyzer.  The  AR  coating  and  the  short  cavity  length 
were  necessary  to  suppress  the  Fabry-Perot  (FP)  modes  of  the 
cavity  to  allow  the  feedback  from  the  grating  to  determine  the 
lasing  wavelength.  We  obtained  optimum  tuning  results  when 
the  wavelength  of  minimum  reflectivity  of  the  AR  coating  was 
aligned  to  the  peak  in  the  spontaneous  emission.  For  a  150-/xm 
cavity  length  laser,  good  external  cavity  tuning  was  achieved 
with  an  AR  coating  of  2%  or  less  at  the  spontaneous  emission 
peak. 

Fig.  1  compares  the  calculated  modal  gain  profile  of  the 
staggered  thickness  well  structure  with  that  of  a  MQW  with 
three  identical  80-A  In0.2Gao.sAs  wells.  Only  the  n  =  1  levels 
were  included  in  the  calculation.  For  the  same  total  sheet 
charge  density,  the  gain  of  the  MQW  with  staggered  QW 
thicknesses  is  noticeably  wider  and  less  peaked.  The  material 
parameters  for  the  InGaAs-GaAs-AlGaAs  QW  systems  were 
taken  from  [12],  and  spectral  broadening  was  taken  into 
account  using  a  Lorentzian  lineshape  function.  Quasi-Fermi 
levels  are  assumed  constant  across  the  three  wells  [13].  The 
well  thicknesses  of  80,  60,  and  45  A  have  calculated  CB1- 
HH1  transitions  of  970,  944,  and  912  nm,  respectively.  The 
central  wavelength  was  chosen  to  allow  for  easy  spectroscopic 
coverage  of  the  942-nm  absoiption  line  of  H20.  The  photo¬ 
luminescence  spectrum  of  the  material  shows  three  distinct 
peaks,  centered  at  975,  950,  and  930  nm.  Therefore,  the  actual 
gain  spectrum  will  be  shifted  and  roughly  13  nm  narrower 
than  the  calculated  one. 

HI.  Results 

For  a  155-//m  semiconductor  gain  length  device  which  had 
an  AR  coating  on  one  mirror  and  a  slightly  angled  facet  on 
the  other,  a  maximum  CW  tuning  range  of  80  nm  (from 
901-981  nm)  was  obtained.  The  threshold  current,  7t was 
95  mA  at  the  extreme  edges  of  the  tuning  range  and  optical 
powers  were  typically  several  mW.  The  tuning  of  the  laser  to 
short  wavelengths  was  limited  by  the  onset  of  parasitic  lasing 
in  the  internal  FP  cavity  [see  Fig.  4(a)].  A  70-nm  tuning  range 
was  achieved  with  a  lower  Jth  of  32.0  mA  at  the  extreme  edges 


Fig.  2.  Threshold  current  as  a  function  of  wavelength  for  two  devices  with 
different  cavity  lengths. 


Fig.  3.  Variation  in  output  optical  power  as  a  function  of  tuning  range,  with 
the  current  kept  just  above  Jth  •  The  variation  is  defined  as  the  highest  output 
power  less  the  lowest  output  power  measured  across  the  tuning  range. 

of  the  tuning  range  in  a  second  155-/xm  device  with  parallel 
facets;  this  is  less  than  half  of  the  It h  reported  by  Hall  et  al 
[10]  using  a  stepped-QW  laser  with  a  similar  cavity  length. 
These  results  are  attributed  to  the  use  of  an  MQW,  which 
yields  a  lower  Jth  in  short  cavity  lasers,  and  the  staggered 
thickness  wells,  which  broaden  the  gain  compared  to  the  case 
of  identical  wells.  A  third  laser  with  a  287-pm  gain  length 
tuned  to  longer  wavelengths  than  the  first  two,  bringing  the 
combined  tuning  range  to  86  nm  (901-987  nm)  for  all  devices. 
Fig.  2  shows  the  threshold  current  as  a  function  of  wavelength, 
and  Fig.  3  details  the  variation  in  output  power.  The  minimum 
threshold  current  for  the  155-^m  laser  was  22.1  mA  at  938  nm; 
with  the  current  kept  near  Jth  while  adjusting  the  grating,  the 
laser  tuned  over  60  nm  with  only  a  3-dB  change  in  optical 
power.  The  32-mA  maximum  Jth  for  the  70-nm  tuning  is  the 
smallest  of  which  we  are  aware  for  this  tuning  range. 

When  operating  near  980  nm,  it  was  observed  that  the 
amplified  spontaneous  emission  (ASE)  bulge  in  the  spectrum 
near  940  nm  was  less  pronounced  than  when  lasing  near 
910  nm,  as  shown  Fig.  4.  For  lasing  at  sufficiently  long 
wavelengths,  only  the  lowest  energy  well  can  provide  gain, 
and  any  carriers  in  the  higher  energy  QW’s  only  contribute  to 
spontaneous  emission.  Thus,  the  suppression  of  ASE  near  940 
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Fig.  4.  Spectral  characteristics  of  a  155-/rm  external  cavity  tuned  laser  diode. 
Lasing  wavelength  for  (a)  is  911  nm,  lasing  wavelength  for  (b)  is  981  nm. 
The  current  is  32  mA.  Note  drop  in  ASE  at  long  wavelengths.  The  —  60-dB 
line  has  been  added  to  aid  the  eye.  The  lines  near  940  nm  in  (a)  are  due  to 
residual  cavity  effects  and  limit  the  tuning  range  at  the  shorter  wavelength; 
they  are  not  present  except  when  near  the  short  wavelength  extreme  of  the 
tuning  range. 

nm  while  lasing  at  980  nm  indicates  a  preferential  population 
of  the  lowest  energy  well.  When  lasing  at  shorter  wavelengths, 
all  three  wells  contribute  to  the  gain;  therefore,  all  three 
wells  are  populated.  Without  preferential  population  of  one 
well,  there  is  no  mechanism  for  suppressing  the  ASE.  The 
preferential  population  of  the  lower  energy  well  suggests  that 
the  external  cavity  feedback  reduces  the  carrier  lifetime  in 
the  lowest  well  relative  to  the  others,  allowing  lasing  mode 
competition  to  cause  a  redistribution  of  the  carriers  among 
the  wells,  draining  carriers  from  the  higher  energy  wells 
and  populating  the  lowest  energy  well.  This  redistribution  of 
carriers  would  modify  the  gain  profile,  increasing  the  gain  of 
the  long  wavelength  modes.  As  noted  above,  at  300  K  the 
MQW  system  seeks  quasi-Fermi  levels  which  are  essentially 
flat  across  the  QW’s;  yet  the  present  work  shows  that  the 
flatness  of  the  quasi-Fermi  levels  can  be  affected  through  the 
carrier  redistribution  caused  by  strong  feedback. 

IV.  Conclusion 

A  tuning  range  of  70  nm  was  obtained  from  a  device  at 
a  current  of  only  32.0  mA.  While  the  CW  tuning  range  was 
not  as  large  as  some  previously  reported  results  [10]  for  the 


0.9-1. 0-/zm  range,  the  threshold  current  was  lower  than  any 
of  which  we  are  aware.  A  second  device  of  the  same  material 
provided  80  nm  of  tuning;  a  total  tuning  range  of  86  nm 
was  observed  for  the  staggered-thickness  QW  structure.  The 
redistribution  of  carriers  from  the  spontaneous  modes  to  the 
lasing  mode  is  currently  under  investigation.  We  speculate  that 
this  effect  is  due  to  a  redistribution  of  carriers  between  wells 
resulting  from  an  interaction  between  the  cavity  modes  and  the 
gain  media,  an  effect  which  would  not  be  possible  in  a  material 
composed  of  three  identical  wells.  The  staggered  thickness 
QW  material  also  shows  a  broader,  flatter  gain  profile  than 
that  of  a  material  which  consists  of  three  identical  QW’s;  in 
addition,  it  allows  for  the  suppression  of  ASE  while  lasing 
at  long  wavelengths.  Future  material  designs  will  incorporate 
wells  spaced  out  further  in  wavelength  to  give  additional 
broadening  of  the  modal  gain  profile. 
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Large-Signal  Phase  Retardation 
with  a  Poled  Electrooptic  Fiber 
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Abstract —  A  linear  electrooptic  coefficient  of  03  pm FW  is 
induced  in  a  germanosilicate  fiber  by  therm al/elec trie-field  poling. 
Reducing  the  fiber  thickness  by  simple  mechanical  polishing 
foDowing  the  poling,  leads  to  a  half-wave  drive  voltage  of  only 
75  V  for  a  12-cm  active  length  with  no  measurable  linear  optical 
loss  in  the  fiber.  The  induced  linear  electrooptic  coefficient  shows 
no  decay  at  room  temperature  for  over  four  months,  and  only  a 
10%  decay  after  heating  to  90  °C  for  1000  h. 

Index  Terms — Electrooptic  effect,  fiber,  glass  poling. 


Fig.  1.  Fiber  cross  sections:  (a)  as  received;  (b)  following  reduction  in  d 
(the  distance  from  the  surface  to  the  core-cladding  interface)  by  polishing, 
mounting  onto  Si  bottom  electrode,  poling,  polishing  to  reduce  D  (the  overall 
fiber  thickness),  and  application  of  a  top  electrode. 


I.  Introduction 

INEAR  electrooptic  coefficients  ranging  from  0.002  to  6 
pm/V  induced  by  electric  field  poling,  thermal/electric- 
field  poling  and  UV-excited  poling  have  been  reported  for 
silica-based  bulk  glasses  [1],  waveguides  [2]-[4],  and  fibers 
[5] — [9] -  Significant  research  efforts  are  aimed  at  understanding 
the  microscopic  origins  of  the  nonlinearity  and  at  further 
improving  the  processing  to  enhance  its  magnitude.  Another 
important  direction  is  to  develop  device  configurations  and 
geometries  based  on  the  currently  available  electrooptic  coef¬ 
ficients  for  applications  such  as  switches,  modulators,  optical 
frequency  mixers,  electric  field  sensors,  and  tunable  filters. 
As  we  show,  these  coefficients  are  already  large  enough  for 
practical  implementations;  further,  there  is  an  important  cross- 
coupling  between  materials  and  device  efforts. 

We  have  reported  [9]  previously  on  a  planarized  fiber- 
poling  structure  which  allows  us  to  apply  a  high  field  across 
a  polished  fiber  and  results  in  a  linear  electrooptic  coefficient 
as  high  as  0.3  pm/V  using  a  commercially  available  D-fiber. 
This  fabrication  technique  has  several  advantages  including: 
low  cost  volume  manufacturing  capability;  planar  structure 
to  allow  lithographic  definition  of  high-speed  circuits;  and 
unaffected  fiber  ends  to  provide  low-cost  pigtailing.  Here,  we 
report  the  first  observation  of  a  half-wave  phase  shift  in  these 
poled  fibers  with  a  driving  voltage  as  low  as  75  V  applied 
over  a  12-cm  active  length  (VnL  =  900  V*cm).  A  major 
factor  leading  to  this  low  drive  voltage  is  polishing  of  the 
fiber  after  poling  to  reduce  the  total  thickness  to  ~13  /zm, 
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thereby,  increasing  the  field  for  a  given  voltage.  Excellent 
thermal  stability  is  observed. 

A  single-mode  polarization-maintaining  germanosilicate . 
“D”-fiber  designed  [10]  for  1.3-/zm  applications  was  used. 
The  core  is  1.25  x  2.5  /zm2  with  18  wt%  Ge  doping,  and  the 
thickness,  d,  of  the  fused  silica  cladding  is  14.25  /zm  on  the 
flat  (“D”)  side  of  the  fiber  (cf.  Fig.  1).  The  total  diameter  of 
the  fiber,  D,  from  the  flat  to  the  opposite  side  of  the  cladding 
is  70  /zm.  During  poling  it  is  important  to  have  d  as  small  as 
possible.  We  have  previously  shown  [9]  that  the  electrooptic 
coefficient  is  very  sensitive  to  this  distance  as  a  result  of  charge 
transport  processes  across  the  cladding  and  charge  trapping 
at  the  core-cladding  interface.  For  a  633-nm  single-mode 
fiber,  the  electrooptic  coefficient  7*33  increased  by  almost  an 
order  of  magnitude  as  d  was  decreased  from  the  as-fabricated 
value  of  ~9  to  -5  /zm  by  HF  etching.  Since  the  high  voltage 
that  can  be  applied  across  the  fiber  during  poling  scales  as 
D,  it  is  important  to  initially  keep  D  as  large  as  possible. 
Bulk  studies  have  shown  [11]  that  the  resulting  nonlinearity 
is  insensitive  to  D  since  charge  transport  processes  result  in  a 
space  charge  region  localized  near  the  anode.  Moreever,  once 
the  nonlinearity  is  formed,  D  should  be  reduced  as  much 
as  possible  to  enhance  the  response  to  an  applied  voltage. 
Reduction  in  both  d  and  D  is  limited  by  added  optical  loss  as 
the  evanescent  optical  fields  come  into  contact  with  the  lossy 
electrodes.  For  these  experiments,  D  was  reduced  to~13/zm, 
comfortably  above  the  region  where  the  added  optical  loss 
is  significant.  In  our  first  experiments,  HF  etching  was  used 
to  reduce  d\  this  resulted  in  significant  roughening  of  the 
cladding  surface  and  unacceptable  scattering  loss.  For  these 
experiments,  as  detailed  below,  we  used  mechanical  polishing 
to  reduce  both  d  and  D.  Polishing  produced  a  much  improved 
surface  quality  and  did  not  result  in  any  measurable  scattering 
loss  for  these  short  lengths(~10  cm)  of  fiber. 

A  thin  (~l-/zm  thick)  layer  of  polyimide  (UR3100)  was 
spun  onto  a  Si  wafer  and  the  fiber,  after  stripping  away  the 
plastic  encapsulation,  was  affixed  to  the  wafer  “D”  side  up 
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using  this  polyimide  layer  as  an  adhesive.  The  polyimide  layer 
was  then  cured  with  a  dual  temperature  process  at  120  °C  and 
170  °C  for  5  min  each.  Subsequent  to  this  curing,  additional 
layers  of  polyimide  (UR3140)  ~10-/zm  thick  were  spun  onto 
the  wafer.  Each  layer  of  the  polyimide  was  cured  with  a  dual 
temperature  cycle  at  120  °C  and  170  °C  for  10  min.  After  the 
fiber  was  totally  encapsulated,  the  total  polyimide  stack  was 
cured  at  350  °C  for  1  h.  Then,  the  fiber/polyimide  structure 
was  mechanically  polished  down  to  less  than  ~5  /zm  between 
the  core  and  flat  surface  of  the  cladding.  Since  we  do  not  have 
an  accurate  measurement  technique  to  monitor  d,  polishing 
was  halted  well  before  there  was  any  measurable  change  in 
the  linear  optical  properties  of  the  fiber.  This  step  needs  to  be 
optimized  in  future  work. 

In  order  to  get  a  better  measurement  of  the  optical  loss 
versus  d  for  the  planar  fiber  structure,  measurements  were 
made  on  a  set  of  D-fibers  provided  by  BT  laboratories  with 
d  values  of  0.5,  0.75,  and  2  /zm  that  were  determined  at  the 
preform  stage.  These  telecommunication  fibers  are  single  mode 
at  a  1.55-/zm  wavelength  with  8-/zm  diameter  circular  cores. 
The  refractive  index  difference  between  core  and  cladding 
layers  is  ncore  -  nciaddmg  =  0.005.  The  measured  optical 
losses,  with  the  fibers  mounted  onto  the  Si  wafers  in  the 
same  geometry  as  the  poled  fiber  devices,  were  2.3,  1.25,  and 
0.08  dB/cm,  respectively.  The  optical  loss  will  be  even  lower 
for  the  D-fibers  used  for  poling  since  these  fibers  have  a  larger 
refractive  index  difference  ( nCOTe  —  nc Adding  =  0.036)  and 
smaller  elliptic  core  size(1.25  x  2.5  /zm2)  resulting  in  a  more 
tightly  confined  mode. 

The  fiber  was  removed  and  reattached  to  another  Si  wafer 
“D”  side  down  with  a  similar  polyimide  process.  The  high-field 
electrical  breakdown  resistance  of  the  polyimide  was  enhanced 
with  an  additional  curing  at  275  °C  for  12  h.  Following  curing, 
the  fiber/polyimide  structure  was  mechanically  polished  to 
provide  a  planar  surface.  A  Cr:Au  film  (30/300  nm)  was 
deposited  to  form  the  top  electrode. 

The  resulting  structure  was  heated  to  255  °C  and  a 
-5-kV  dc  voltage  was  applied  between  the  top  electrode 
and  the  Si  bottom  anode.  Breakdown  was  typically  observed 
for  dc  voltages  above  6  kV  for  this  geometry.  After  10  min  at 
this  temperature,  the  sample  was  cooled  to  room  temperature 
with  the  voltage  applied.  The  poled  interaction  length  was 
~12  cm.  The  resulting  electrooptic  effect  was  monitored  by 
placing  the  poled  sample  in  the  measurement  arm  of  a  free- 
space  Mach-Zehnder  interferometer  [1]  operating  at  633  nm. 
Appropriate  microscope  objectives  coupled  light  into  and  out 
of  the  electrooptically  active  fiber  segment.  The  induced  r33  of 
0.3  pm/V  was  determined  by  comparison  with  the  phase  shift 
obtained  in  a  longitudinal  geometry  Z-cut  LiNb03  sample 
(ITO  electrodes;  500-/zm  active  length;  r3i  =  9.8  pm/V,  [12]) 
in  the  reference  arm  of  the  interferometer. 

After  poling,  mechanical  polishing  of  the  fiber  structure  was 
continued  to  reduce  D  to  13  /zm.  Deposition  of  metal  top 
electrodes  resulted  in  heating  of  the  samples  and  degradation 
of  the  poling;  therefore,  a  liquid  CuS04  salt  solution  was  used 
as  the  top  electrode  for  our  initial  measurements. 

The  polished  poled  fiber  structure  was  again  placed  in  the 
measurement  arm  of  the  Mach-Zehnder  interferometer.  The 


Driving  Voltage  (V) 

Fig.  2.  Interferometer  response  for  voltage  applied  to  poled  fiber  and  to  a 
LiNbC>3  reference  sample  in  a  Mach-Zehnder  interferometer.  The  solid  curve 
is  a  fit  to  a  first  order-Bessel  function  giving  a  half-wave  driving  voltage 
Vjt  =  75  V  for  the  poled  fiber  structure.  The  longitudinal  geometry,  LiNb03 
reference  sample  is  0.5-mm  thick  with  ITO  electrodes. 


interferometer  signal  was  sensed  with  a  balanced  homodyne 
receiver  consisting  of  two  identical  p-i-n  detectors  fabricated 
on  the  same  substrate.  The  detector  signal  5  is  given  by  [13] 

5  =  a(l  -  2e)(Ji  -  J2)  +  4ay/lihe(l ~ e) 

*  cos  ^7 r  sin  ut  +  <f>o ^  (1) 

where  a  is  a  constant  describing  the  photodetector  responsivity 
and  amplifier  gain,  e  is  the  power  transmission  coefficient 
of  the  final  interferometer  beam  splitter,  h  and  J2  are  light 
intensities  in  the  two  interferometer  arms  before  the  final 
beamsplitter.  The  applied  voltage  V  is  at  angular  frequency  w. 
The  dc  phase  difference  <f>o  due  to  the  path  length  difference 
in  the  two  arms  of  the  interferometer  is  set  to  ir/2  by  adjusting 
a  compensator  in  the  reference  arm  of  the  interferometer. 
The  half-wave  voltage  14  =  A D/n3r33Z  is  related  to  the 
electrooptic  coefficient  of  the  poled  fiber  r33,  the  active  device 
length  /,  and  the  total  thickness  of  the  polished  fiber  structure 
D.  Then  (1)  can  be  written  as 


5  =  a(l  -  2e)( Ji  -  h)  +  4 a  y/hhe{l  -  e) 


.  f 7r  sin  (u)t)V~ 

*sm  — v - 

v7 T 

=  a(l  -  2e)(Ji  -  J2)  +  4a  -  e) 

CO  /  ^  \ 

•  J2n+1  \~V~J  sin  K2n  +  iM] 


where  J2n+i  is  the  integer  Bessel  function  of  order  2n  +  1. 
A  lock-in  amplifier,  referenced  to  the  applied  electric  field, 
responds  to  the  first  harmonic  component  of  file  signal,  i.e., 

to  Ji(7rV/K)- 

The  Mach-Zehnder  lock-in  amplifier  signal  is  shown  in 
Fig.  2.  The  signal  is  insensitive  to  driving  frequency  over  the 
1-100-kHz  range,  demonstrating  that  the  signal  is  due  to  the 
electrooptic  effect.  Piezoelectric  responses  are  damped  by  the 
polyimide  overcladding.  The  fit  to  a  first-order  Bessel  function 
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Fig.  3.  Induced  electrooptic  coefficient  in  a  poled  fiber  versus  depoling  time 
at  90  °C.  The  fluctuations  are  due  to  alignment  variations.  Degradation  is  less 
than  ~10%  over  1050  h. 


is  also  shown  in  Fig.  2.  The  half-wave  voltage  was  75  V 
for  a  14 1  product  of  900  V-cm.  The  reference  signal  for 
calibrating  the  nonlinearity  using  the  longitudinal  electrooptic 
effect  in  a  LiNbC>3  sample  is  also  shown.  The  LiNbC>3  signal  is 
weaker  because  of  the  much  shorter  active  pathlength  (500-/zm 
longitudinal  geometry)  and  lower  applied  fields. 

Since  this  fiber  is  not  single-mode  at  the  measurement 
wavelength  of  633  nm,  several  modes  could  be  observed  at 
the  fiber  output  depending  on  the  coupling  conditions  into  the 
fiber.  To  ensure  that  the  observed  signal  was  not  due  to  mode 
conversion,  a  spatial  filter  that  only  transmitted  a  single  spatial 
mode  was  placed  after  the  output  microscope  objective.  No 
signal  was  observed  when  the  driving  voltage  was  applied  to 
the  poled  fiber  indicating  that  the  intensity  distribution  among 
the  modes  was  unaffected  by  the  applied  voltage. 

Stability  of  the  thermal  poling  is  a  major  issue  for  practical 
applications.  No  decay  of  the  electrooptic  coefficient  was 
observed  for  a  fiber  poled  (255  °C,  -3  kV)  and  stored 
in  laboratory  ambient  without  any  special  precautions  for 
over  four  months.  The  poled  fiber  was  put  in  a  oven  at 
90  °C  to  investigate  the  thermal  stability.  The  sample  was 
periodically  removed  from  the  oven  and  the  electrooptic  effect 
remeasured.  The  results  are  shown  in  Fig.  3.  Much  of  the 
observed  fluctuation  is  due  to  variations  in  the  alignment 
from  measurement  to  measurement;  the  electrooptic  coefficient 
shows  no  more  than  ~10%  decay  after  1050  h  at  90  °C. 

There  are  several  immediate  directions  for  further  opti¬ 
mization  of  the  device  structure.  The  fiber-loss  measure¬ 
ments  presented  above  suggest  that  D  can  be  further  reduced 
to.~4  /zm  while  keeping  the  insertion  loss  to  <1  dB  for  a 
12-cm-long  active  device.  Without  any  improvement  in  the 
effective  7*33,  this  gives  a  half-wave  voltage  of  only  ±  1 1.5  V  at 
633  nm  and  ±23.6  V  at  1.3  /zm  for  a  push-pull  configuration. 
There  is  experimental  evidence  from  bulk  silica  measurements 
that  the  distribution  of  the  nonlinearity  extends  over  a  distance 
of  ~5— 10  /zm  from  the  surface,  and  from  fiber  measurements 
[9]  that  d  is  a  critical  parameter.  The  wide  variations  observed 


by  different  workers  in  different  fibers  using  different  poling 
geometries  [5]-[9]  suggest  that  there  are  both  material  and 
geometric  variations  to  be  further  exploited. 

n.  Conclusion 

A  linear  electrooptic  coefficient  of  0.3  pm /V  was  obtained 
by  temperature/electric-field  poling  a  germanosilicate  optical 
fiber  using  an  improved  poling  geometry.  By  reducing  the  fiber 
thickness  by  polishing  after  poling,  the  half-wave  driving  volt¬ 
age  14  was  reduced  to  as  low  as  75  V.  No  measurable  linear 
optical  loss  is  associated  with  the  processing  to  obtain  this 
electrooptic  response.  Thermal  stability  was  at  least  4  months 
at  room  temperature,  and  1050  h  at  90  °C.  Prospects  are 
excellent  for  improvements  in  both  the  nonlinear  coefficient 
and  the  device  geometry  leading  to  reductions  in  VTl.  A2  x  2 
integrated  poled  electrooptic  fiber  switch  with  low  fiber-to- 
fiber  loss  can  be  formed  by  splicing  polarization  maintaining 
fiber  couplers  to  the  poled  fibers.  Since  the  device  geometry 
is  planar,  a  microwave  stripe  line  can  be  integrated  as  the  top 
electrode,  using  standard  lithographic  techniques,  resulting  in 
megahertz  or  higher  switching  rates. 
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Abstract —  Microcavity-induced  lasing  threshold  reduction 
and  modulation  of  the  spontaneous  emission  coherence  length 
with  cavity  length  in  an  external -cavity  resonant-periodic-gain, 
surface-emitting  laser  is  reported.  In  contrast  to  comparing 
different  epitaxial  growths,  external-cavity  operation  allows 
changing  the  cavity  length  without  affecting  material  properties 
as  well  as  arbitrarily  long  resonator  lengths.  The  transition 
to  the  macrocavity  domain  is  observed  by  extending  the 
cavity  length  beyond  the  spontaneous  emission  coherence 
length.  The  maximum  change  in  the  spontaneous  emission  rate 
induced  by  the  cavity  QED  effect  in  the  presence  of  resonant 
periodic  gain  is  calculated.  As  expected,  for  cavities  longer  than 
several  wavelengths,  microcavity  Fabry-Perot  resonance  effects 
dominate  over  cavity  QED  in  determining  the  cavity-normal 
spontaneous  emission  power  and  coherence  length.  A  simple 
model  of  the  cavity-normal  spontaneous  emission  coherence 
length  and  spontaneous  emission  power  emitted  from  a  Gaussian 
source  placed  in  an  ideal  Fabry-Perot  cavity  is  consistent  with 
our  observations. 

Index  Terms —  CW  lasers,  Fabry-Perot  resonators,  laser 
resonators,  laser  tuning,  optical  resonators,  optics,  quantum- 
well  lasers,  semiconductor  lasers,  spontaneous  emission, 
surface-emitting  lasers. 

L  Introduction 

HE  VERTICAL-CAVITY  surface-emitting  laser  (VC- 
SEL)  is  both  a  natural  tool  for  the  investigation  of 
microcavity  physics  and  a  technologically  important  device 
[1],  [2],  Recent  experiments  and  modeling  have  shown  that 
microcavity  physics  impacts  the  VCSEL  lasing  threshold  [3], 
[4]  and  linewidth  [5].  A  microcavity  resonator  can  consider¬ 
ably  increase  the  efficiency  of  light-emitting  diodes  (LED’s) 

[6] .  Most  recently,  the  microcavity  has  been  applied  to  the 
production  of  Fock  number  states  of  the  electromagnetic  field 

[7] .  The  reduction  of  VCSEL  lasing  threshold  and  the  increase 
in  LED  efficiency  are  primarily  driven  by  the  reduced  photon 
density  of  states  inherent  in  short  cavities,  which  directs  more 
of  the  spontaneous  emission  (SpE)  onto  the  optical  axis.  Most 
experiments  [8],  [9]  investigating  VCSEL  microcavity  SpE 
have  relied  on  multiple  epitaxial  growths  or  lateral  growth-rate 
variations  to  effect  changes  in  cavity  length.  This  technique 
is  inevitably  subject  to  potential  sample-to-sample  material 
variations.  In  this  paper,  an  external  cavity  mirror  [10]  is  used 
to  vary  the  resonator  length  without  any  impact  on  material 
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properties.  Further,  much  larger  changes  in  cavity  length 
can  be  achieved  in  an  external-cavity  configuration,  allowing 
observation  of  the  microcavity-to-macrocavity  transition. 

The  effects  of  resonators  on  SpE  can  be  divided  into  three 
broad  regimes,  depending  on  the  resonator  length  £.  If  L 
is  of  order  A (L  ~  A),  cavity  quantum  electrodynamic  (C- 
QED)  effects  such  as  Rabi  flopping  (in  the  strong-coupling 
limit)  or  radiative  lifetime  modification  (in  the  weak-coupling 
limit)  are  present.  If  the  resonator  length  is  long  compared 
to  A  but  comparable  to  the  ffee-space  SpE  coherence  length 
lc(L  ~  lc  >  A)  where  lc  is  proportional  to  the  inverse  of  the 
SpE  spectral  width,  C-QED  effects  are  negligible.  Nonetheless, 
since  the  cavity  longitudinal  mode  spacing  A  A  =  A2/2  L 
is  of  the  same  order  as  the  emission  bandwidth  A2/2 lC:  the 
spectrally  integrated  SpE  and  the  SpE  coherence  length  depend 
on  L.  This  is  the  microcavity  regime  that  we  explore  herein.  If 
the  resonator  is  long  compared  to  both  lc  and  A(£  »  lc  >  A), 
microcavity  effects  are  negligible  and  the  only  impact  of  the 
resonator  is  to  set  the  resonant  wavelengths;  the  SpE  power 
and  the  SpE  coherence  length  are  independent  of  L. 

Previously  [11]  we  reported  the  experimental  observation 
of  the  microcavity  effects  of  enhancement  and  inhibition  of 
the  spectrally  integrated  wafer-normal  SpE  and  changes  in 
the  SpE  radiation  pattern  as  the  cavity  length  was  varied. 
Here,  we  quantify  the  measured  microcavity-induced  SpE 
coherence  length  modulation  and  demonstrate,  for  the  first 
time  in  VCSEL’ s,  a  linear  relationship  between  the  lasing 
threshold  and  the  cavity  length  in  the  microcavity  regime.  A 
simple  model  is  presented  that  evaluates  the  impact  of  cavity 
resonances  on  the  emission  from  a  Gaussian  source  placed 
in  an  ideal  Fabry-Perot  cavity  of  length  L  ~  lc  A  and 
captures  many  of  the  observed  effects. 

We  extend  Bjork’s  model  [12]  of  single-quantum- well  C- 
QED  monochromatic  spontaneous  emission-rate  modification 
to  include  multiple  quantum  wells  (QW’s)  arranged  in  a 
resonant  periodic-gain  [13]  (RPG)  configuration,  and  calculate 
the  maximum  spontaneous  emission  rate  increase  induced  for 
an  RPG  cavity  of  length  L.  The  result  indicates  that  RPG 
produces  a  slightly  increased  C-QED  effect  compared  to  an 
equivalent  single-quantum-well  resonator.  The  C-QED  effect 
on  cavity-normal  emission,  however,  is  negligible  compared 
to  the  purely  classical  Fabry-Perot  resonance  effects  for  the 
relatively  long  cavity  length  experimentally  employed  ( L  ~ 
lc  >  A). 

n.  Background 

A  simple  mode’  of  the  filtering  effects  of  a  high-finesse 
Fabry-Perot  etalon  on  a  broad-band  source  serves  to  illustrate 
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the  impact  of  cavity  resonances.  In  a  given  direction,  the 
transmitted  spectrum  for  a  high-finesse  etalon  is  a  series  of 
shaip  peaks  whose  envelope  is  the  spectral  distribution  of  the 
source.  The  transmitted  wavelengths  A  satisfy  the  resonance 
condition  that  an  integer  multiple  of  half- wavelengths  fit 
within  the  effective  cavity  length  Lcos(6),  viz. 

=  Lcos(0),  m  =  l,2,3,  (1) 

where  0  is  the  angle  the  incident  light  makes  with  the  etalon 
of  thickness  L.  For  given  L  and  0,  there  are  an  infinite 
number  of  resonant  wavelengths  Am  which  satisfy  (1).  The 
spacing  between  resonant  wavelengths  AA  =  Am  —  Am+i  is 
2Lcos(0)/[m(m  + 1)].  If  the  cavity  length  is  macroscopic, 
say  ~1  mm,  the  number  of  half- wavelengths  m  at  A  =  1  /xm 
is  ~2000  and  the  spacing  is  nearly  constant  A  A  «  2L/m2  « 
A2/2 L  «  0.5  nm.  If  the  light  source  has  a  nominal  width  ~100 
nm,  the  filtered  spectrum  will  contain  ~200  equally  spaced 
peaks.  Slightly  varying  the  cavity  length  will  alter  the  exact 
resonant  wavelengths  Am  but,  because  the  spectral  distribution 
of  the  source  is  so  densely  sampled,  the  spectrally  integrated 
signal  is  invariant  with  cavity  length. 

At  the  opposite  extreme,  consider  an  extremely  short 
etalon  with  L  =  1  /xm.  The  resonant  wavelengths  are  Ax  = 
2  /xm,  A2  =  1  /xm,  A3  =  0.667  /xm,  and  so  on.  Although 
an  infinite  number  of  resonant  wavelengths  remain,  only  one 
is  within  the  100-nm  spectral  bandwidth.  The  transmitted 
spectrum  then  contains  a  single  peak.  As  the  cavity  length  is 
varied,  the  magnitude  of  this  peak  and  therefore  the  spectrally 
integrated  signal  traces  out  the  spectral  distribution  of  the 
source.  In  this  case,  the  integrated  intensity  depends  on  the 
cavity  length. 

in.  Fabry-Perot  Resonance  Effect 
on  SpE  from  a  Gaussian  Source 

Now  instead  of  filtering  the  light  source  with  the  etalon, 
consider  placing  the  source  inside  of  the  etalon  (i.e.,  a  cavity). 
We  concentrate  on  the  regime  (L  ~  lc  >  A)  so  that  the  only 
influence  of  the  cavity  on  the  emitter  is  to  determine  which 
wavelengths  A  are  emitted  at  which  angles  0,  and  the  angularly 
integrated  SpE  is  independent  of  cavity  length.  Calculations 
justifying  the  approximation  of  fixed  angularly  integrated  SpE 
are  presented  in  Appendix  A. 

In  most  experiments,  the  SpE  power  emitted  onto  the  optical 
axis  is  measured  rather  than  the  angularly  integrated  SpE. 
Using  Bjork’s  model  (Appendix  A),  which  treats  the  QW’s 
as  infinite  planes  of  randomly  oriented  in-plane  dipoles  and 
SpE  as  emission  stimulated  by  incident  vacuum  fluctuations, 
we  find  that  the  fraction  fm  of  the  angularly  integrated 
spontaneous  emission  launched  onto  the  optical  axis  at  the 
wavelength  Am  =  2 L/m  is 

where  d\  is  the  distance  between  the  QW  and  mirror  (Fig.  1). 
The  mirrors  are  infinite  in  extent  and  emission  into  guided- 
wave  modes  in  the  plane  of  the  mirrors  is  neglected.  The 
1/m  behavior  of  /m  arises  from  the  m  angular  modes  of 


QW 


Fig.  1.  Fabry-Perot  cavity  of  length  L  with  a  QW  spaced  a  distance  d\  from 
the  left  mirror.  Plane- wave  vacuum  fluctuations  are  incident  from  the  right 


the  wavelength  Am,  and  the  constant  3/2  arises  from  the 
directionality  of  the  dipole  radiation  pattern.  The  distance  di 
from  the  QW  to  a  mirror  affects  /m  strongly  as  it  describes  the 
location  of  the  QW  relative  to  the  standing  wave  antinodes. 
Note  that  if  the  QW  is  located  on  either  minor  (di  =  0  or  L), 
then  there  is  no  emission  from  the  cavity  because  the  minors 
are  locations  of  vacuum-fluctuation  field  nodes. 

The  SpE  power  is  readily  defined  as  the  photon  energy 
E  times  the  spontaneous  emission  rate  at  photon  energy  E. 
Heuristically,  the  SpE  coherence  length  is  the  optical  path 
difference  over  which  significant  interference  effects  occur. 
A  formal  definition  [14]  of  the  coherence  length  is  the  rms 
width  of  the  first-order  correlation  function  gW  or  its  spectral 
Fourier  transform.  We  adopt  the  spectral  rms  definition  (9) 
because  it  can  be  readily  computed  from  the  experimentally 
determined  spectrum. 

A  specific  lineshape  must  be  assumed  in  order  to  calculate 
the  SpE  power  and  coherence  length.  Gaussian  and  Lorentzian 
lineshape  functions  are  commonly  used  to  describe  spectra. 
The  emission  from  a  semiconductor  QW  is  not  accurately  de¬ 
scribed  by  either  of  these  functions  because  of  the  effects  of  the 
detailed  semiconductor  band  structure  and  carrier  dynamics. 
The  Lorentzian  lineshape  has  a  much  slower  roll-off  for  large 
energies;  its  l/E2  behavior  prohibits  any  evaluation  of  rms 
spectral  width.  For  this  reason,  we  concentrate  on  emission 
from  a  Gaussian  source.  We  expect  that  the  essential  physical 
dependence  of  the  SpE  coherence  length  and  SpE  power  on 
cavity  length  should  not  depend  on  the  exact  details  of  the 
source  spectral  shape.  The  Gaussian  lineshape  is  described  by 


SpE  (E)  = 


_c _ l 

y/2ff  A  E 


exp 


(3) 


where  Eo  is  the  center  energy  and  2.36  x  A E  is  the  FWHM. 
We  interpret  this  lineshape  as  the  rate  at  which  the  source 
emits  photons  of  energy  E .  The  parameter  £  is  the  constant 
spectrally  integrated  power  which  accounts  for  the  possibility 
of  nonradiative  recombination  and  loss  to  guided  wave  modes. 

We  take  our  cavity  mirrors  to  have  near-unity  reflectance, 
i.e.,  the  spectral  width  of  a  longitudinal  mode  is  much  smaller 
than  the  source  spectral  width  A E.  This  is  a  good  approx¬ 
imation  for  the  ~99%  reflectance  dielectric  reflectors  used 
experimentally  [10],  [1 1].  We  also  take  the  mirror  bandwidth  to 
be  much  broader  than  A E.  Typical  mirror  bandwidths  (~100 
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nm)  are  much  larger  than  QW  emission  band  widths  of  ~10 
nm. 

The  first  observable  we  evaluate  is  the  total  spontaneous 
emission  power  P  emitted  onto  the  optical  axis,  obtained  by 
multiplying  the  spontaneous  emission  rate  SpE(£,m)  by  the 
fraction  fm  of  the  SpE  launched  onio  the  optical  axis  and  the 
photon  energy  Em,  then  summing  over  m 

p(D=jr/pm  (4) 

771  =  1 

Pm  =  Em  *  fm  *  SpE  ( Em )  (5) 

£m=| im  '  (6) 

where  h  is  Planck’s  constant  and  c  is  the  speed  of  light. 

The  mean  emitted  photon  energy  E(L)  and  the  mean 
squared  photon  energy  E2(L)  are 

W(L)  =  £  (8) 

771=1  ' 

lc(L)  =  .  =  (9) 

y  E2{L)  -  [B(L)]2 

In  the  limit  that  one  mirror  is  removed  (L  —>  oo),  the 
series  tend  to  integrals  which  are  most  easily  analyzed  if 
we  extend  the  integration  over  photon  energy  to  include 
negative  energies.  The  error  introduced  by  extending  the 
integration  limits  is  exceedingly  small  so  long  as  the  Gaussian 
has  a  narrow  bandwidth  A E  compared  to  its  central  energy 
E0{AE  <  E0).  The  integrals  yield  [15] 

P(L  -  oo)  =  |c(l-  cos  (4*^) 

•«’ [-(**£)  ]} 

(10) 

and  (11)  and  (12),  shown  at  the  bottom  of  the  page,  where  Zc0  is 
the  macrocavity  (free-space)  spontaneous  emission  coherence 


length 


(13) 


The  output  power  and  spectral  properties  depend  on  the 
location  of  the  QW  relative  to  the  remaining  mirror.  This  one- 
minor  microcavity  effect  is  similar  in  principle  to  the  work  of 
Drexhage  [16]  which  involved  changes  in  the  radiation  pattern 
of  molecules  in  close  proximity  to  a  mirror.  We  note  from  the 
form  of  the  exponential  in  ( 1 0)— ( 1 2)  that  microcavity  effects 
will  be  important  for  QW  to  mirror  distances  comparable  to 
the  free-space  coherence  length  ( di  ~  Zc0),  in  agreement  with 
the  physical  arguments  of  Deppe  [17]. 

In  the  narrow-linewidth  limit  (A E  — ►  0),  the  output  power 
varies  sinusoidally  with  the  distance  df  the  QW  from  the 
mirror.  The  mean  photon  energy  approaches  Eo  and  the  mean 
squared  photon  energy  approaches  Eq.  The  coherence  length 
approaches  infinity  as  expected  for  a  source  of  zero  spectral 
width. 

We  can  remove 'the  remaining  mirror  and  approach  the 
macrocavity  limit  by  taking  di  — ►  00.  The  formulas  reduce  to 


P(L  -mso,  dj  -►  oo)  =  (14) 

E(L  — ►  00,  di  — ►  00)  =  Eo  (15) 

E2(L  — >  00,  di  — »  00)  =  Eq  -f  A E2  (16) 

he 

lc(L  00 ,di-+  00)  =/c0  =  — .  (17) 


The  output  power  approaches  (3£/2),  the  mean  photon  energy 
approaches  E0,  and  the  coherence  length  approaches  the 
macrocavity  coherence  length  Zco  =  hc/AE. 

The  series  in  (4),  (7),  and  (8)  are  difficult  to  evaluate 
analytically  for  arbitrary  L,  but  lend  themselves  readily  to 
numerical  summation.  In  Fig.  2,  we  present  the  normalized 
SpE  power  P(L)/[(3C/2)]  as  a  function  of  the  normalized 
cavity  length  L/lc 0  for  the  symmetric  case  of  a  QW  at  the 
cavity  center  and  for  the  asymmetric  case  of  a  QW  placed 
A0/4  from  one  mirror.  We  take  AE/Eo  =  1/100  which 
is  typical  of  semiconductor  QW  SpE.  In  the  asymmetric 
case,  the  SpE  power  oscillates  about  the  macrocavity  limit 
P(L  — ►  oo)/[(3C/2)]  =  1  with  period  A0/2;  The  cavity- 
normal  output  power  is  doubled  for  L  —  10  x  Ao  and  is  nearly 
zero  for  L  =  10.25  x  A0.  In  the  symmetric  case,  the  SpE  power 


E(L  ^  00)  —  Eq  v 


1- 


1  —  cos 


(4.A)exp  -(2^) 
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Fig.  2.  The  theoretical  variation  of  the  on-axis  spectrally  integrated 
spontaneous  emission  power  as  a  function  of  increasing  cavity  length  for 
A E/Eo  =  1/100.  In  the  symmetric  case,  the  QW  is  in  the  center  of  the 
cavity  whereas  for  the  asymmetric  case  it  is  a  distance  Aq/4  from  one  mirror. 


Fig.  4.  The  theoretical  variation  of  the  on-axis  spectrally  integrated  sponta¬ 
neous  emission  power  per  QW  in  a  RPG  design  as  a  function  of  increasing 
cavity  length  for  AE/E$  =  1/100.  The  number  of  QW*s  is  indicated.  The 
first  QW  is  placed  a  distance  Aq/4  from  one  minor. 


Fig.  3.  The  Theoretical  variation  of  the  on-axis  spontaneous  emission  coher¬ 
ence  length  as  a  function  of  increasing  cavity  length  for  AE/Eq  =  1/100. 
In  the  symmetric  case,  the  QW  is  in  the  center  of  the  cavity  whereas  for  the 
asymmetric  case  it  is  a  distance  Xq/4  from  one  mirror. 

approaches  the  macrocavity  limit  P(L)/[( 3C/2)]  =  \  with  an 
oscillation  period  Aq.  The  period  is  doubled  compared  to  the 
asymmetric  case  because  the  center  of  the  cavity  changes  from 
node  to  antinode  for  the  wavelength  Ao  when  the  cavity  length 
is  increased  by  Ao  /2.  The  normalized  output  power  approaches 
1/2  because  half  of  the  longitudinal  modes  always  have  a  node 
at  the  cavity  center  so  that  the  QW  couples  to  only  half  of  the 
available  modes. 

Fig.  3  shows  the  SpE  coherence  length  for  the  symmetric 
and  asymmetric  cases.  The  coherence  length  for  the  asym¬ 
metric  case  can  be  as  much  as  an  order  of  magnitude  larger 
than  for  the  macrocavity.  The  coherence  length  enhancement 
is  much  larger  (~40  dB)  for  the  symmetric  case  because  of 
the  complete  longitudinal  mode  discrimination  at  the  center 
of  the  cavity.  By  comparing  Figs.  2  and  3,  we  see  that  the 
SpE  power  and  SpE  coherence  length  oscillate  in  phase. 
These  predicted  increases  in  coherence  length  and  power 
have  important  implications  for  communications  applications 
employing  LED  transmitters  because  they  imply  increased 
signal-to-noise  ratio  and  therefore  decreased  bit  error  rate. 
In  the  limit  of  extremely  short  cavities,  the  LED  microcavity 
spectral  properties  approach  those  of  a  laser. 


So  far  we  have  discussed  only  the  simple  case  of  a  single 
QW.  To  describe  resonant  periodic-gain  (RPG)  structures,  we 
need  to  account  for  the  emission  from  N  QW’s  spaced  Ao/2 
apart,  with  the  first  QW  Ao/4  from  one  mirror.  We  accomplish 
this  by  setting  di  =  A0/4  +  (M  -  l)A0/2  and  summing  (2) 
from  M  =  1  to  M  =  JV,  then  normalizing  to  N.  Fig.  4 
shows  the  normalized  SpE  power  per  QW  P(L)/[(3N£/2)] 
as  a  function  of  cavity  length  for  RPG  designs  incorporating 
1,  15,  and  30  QW’s.  The  depth  of  modulation  becomes  larger 
as  the  number  of  QW’s  increases;  RPG  increases  the  visibility 
of  microcavity  effects  compared  to  a  SQW  resonator. 

Note  that,  in  the  long-cavity  limit,  an  increased  number 
of  QW’s  results  in  a  decrease  in  the  cavity-normal  output 
power  per  QW.  This  is  due  to  the  increase  in  longitudinal 
mode  discrimination  with  increasing  numbers  of  QW’s  which 
prevents  the  QW’s  from  coupling  to  all  of  the  available 
emission  modes.  This  longitudinal  mode  discrimination  also 
increases  the  SpE  coherence  length  modulation  depth  and 
increases  its  long-cavity  value,  as  shown  in  Fig.  5.  These 
calculations  indicate  that  a  30-QW  RPG  design  should  exhibit 
a  factor  ~2  of  modulation  in  SpE  power  and  coherence  length 
with  cavity  length. 

IV.  Experimental 

The  usual  VCSEL  high-reflectivity  (HR)  top  mirror  is 
replaced  in  these  experiments  by  an  epitaxially  grown  antire¬ 
flection  (AR)  coating  which  minimizes  coupled-cavity  effects. 
The  active  region  consists  of  a  30-QW  RPG  section  with 
the  spacing  between  QW’s  (~A/2 n)  chosen  to  account  for 
QW-banier  reflections  [18].  The  back  mirror  is  a  30-pair 
Alo . 3Gao , 7 As- A1  As  high  reflector  ( R  ~  99.8%)  and  the 
external  cavity  is  completed  by  a  planar  dielectric  mirror  ( R  ~ 
99.8%).  The  HR  and  AR  coatings  have  a  center  wavelength 
of  ^835  nm  and  a  bandwidth  of  ~50  nm.  The  external  mirror 
has  a  center  wavelength  ~860  nm  and  a  bandwidth  of  ~300 
nm.  The  epitaxial  structure  of  the  device  is  shown  in  Fig.  6 
and  discussed  in  detail  in  [11]. 

The  QW’s  are  optically  excited  through  the  external  di¬ 
electric  mirror  by  focusing  the  beam  from  a  CW  ring  dye 
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Fig.  5.  The  theoretical  variation  of  the  on-axis  spontaneous  emission  coher¬ 
ence  length  in  a  RPG  design  as  a  function  of  increasing  cavity  length  for 
A£/.Eo  =  1/100.  The  number  of  QW’s  is  indicated.  The  first  QW  is  placed 
a  distance  Aq/4  from  one  mirror. 


Fig.  6.  The  epitaxial  device  structure  showing  the  AR  coating,  the  RPG 
region,  and  the  HR  end  mirror. 

laser  to  a  1/e2  beam  waist  power  radius  w  «  15  /xm.  *The 
experimental  setup' is  shown  in  Fig.  7.  The  acceptance  angle 
of  the  collection  system  is  sufficiently  small  that  only  the 
forward  angular  mode  is  observed.  We  make  measurements 
only  at  cavity  lengths  for  which  the  pump  beam  (Ap  «  716.66 
nm)  resonates  in  the  external  cavity  so  that  the  absorbed 
pump  power  is  independent  of  cavity  length.  We  report  the 
external  cavity  length  Lex t  in  terms  of  the  parameter  n  such 
that  n  x  Ap/2  =  Lext  which  we  estimate  from  the  external- 
cavity  free-spectral  range.  Since  the  internal-cavity  optical  path 
length  is  more  than  30  x  A/2,  we  are  clearly  in  the  regime 
L  >  A. 

Fig.  8  shows  the  spectrally  integrated  wafer-normal  SpE 
power  and  coherence  length  as  a  function  of  n.  Variations 
of  up  to  50%  in  the  spectrally  integrated  SpE  power  and 
30%  in  coherence  length  are  measured.  The  coherence  length 
is  calculated  from  the  spectrum  via  lc  =  A 2 /a  where  A 
is  the  mean  wavelength  and  a  is  the  rms  spectral  width. 
This  is  the  wavelength  equivalent  of  the  definition  (9)  used 
in  the  model.  The  instrumentally  limited  linewidth  does  not 


block  R«  99.8% 

Fig.  7.  Experimental  setup  for  spontaneous  emission  and  lasing  experiments. 
A  spectrometer  monitors  the  cavity-normal  spontaneous  emission  and  lasing 
wavelength.  Observations  are  made  only  at  cavity  lengths  for  which  the  pump 
beam  resonates  in  the  external  cavity. 


20  40  60  80 

Pump  Beam  Resonance  Number  n 


Fig.  8.  Comparison  of  the  measured  (symbols)  and  theoretical  (lines)  on-axis 
spontaneous  emission  coherence  length  and  output  power  as  a  function  of 
pump  resonance  number  n  such  that  n  x  Ap/2  =  Lex t.  For  n  =  20,  Lex t  ~ 
7  nm. 

impact  the  measured  lc  which  is  dominated  by  the  longitudinal 
mode  spacing.  Although  other  experimenters  [8] — [10]  have 
previously  demonstrated  that  cavity  resonances  affect  the  SpE 
spectrum,  the  changes  have  not  usually  been  represented  in 
terms  of  the  SpE  coherence  length.  This  natural  parameter 
concisely  describes  the  overall  change  in  spectral  shape. 

Also  shown  in  Fig.  8  are  the  SpE  power  and  coherence 
length  predicted  by  the  model  for  AE/Eo  =  0.008  which 
corresponds  to  the  measured  16-nm  FWHM  of  the  QW  photo¬ 
luminescence  from  a  reference  sample  without  any  cavity.  The 
model  correctly  describes  the  period  and  phase  relationship  be¬ 
tween  the  SpE  power  and  coherence  length  and  is  in  qualitative 
agreement  with  the  magnitude  of  the  observed  oscillations. 
However,  the  SpE  power  is  predicted  to  have  symmetric 
modulation  about  the  long-cavity  limit  whereas  experimentally 
an  asymmetric  modulation  is  observed.  Nonetheless,  the  agree¬ 
ment  is  satisfying  in  light  of  the  large  number  of  differences 
between  our  approximations  and  the  experiment,  including: 
describing  the  emission  lineshape  as  a  Gaussian,  assuming 
infinite  mirror  bandwidth  and  transverse  extent,  ignoring  total 
internal  reflection  and  emission  into  guided  wave  modes,  and 
neglecting  the  wavelength-dependence  of  phase  change  oh 
reflection  arid  the  complicated  dependence  of  reflectivity  on 
incident  angle  inherent  in  the  Bragg  mirrors  experimentally 
employed. 

The  impact  of  these  approximations  on  the  model’s  predic¬ 
tions  can  be  expected  to  be  small  for  the  following  reasons. 
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First,  any  smooth  singly  peaked  lineshape  should  produce 
modulation  depth  similar  to  the  Gaussian  lineshape  when 
the  cavity  length  is  near  the  spontaneous  emission  coherence 
length;  the  exact  lineshape  is  not  critical.  Second,  the  mirror 
bandwidths  are  at  least  three  times  larger  than  the  sponta¬ 
neous  emission  bandwidth  and  they  have  such  large  transverse 
dimensions  (millimeters)  relative  to  the  cavity  length  (mi¬ 
crometers)  that  they  are  essentially  infinite  in  lateral  extent. 
Spontaneous  emission  at  wavelengths  outside  the  mirror  band¬ 
width  does  not  depend  strongly  on  cavity  length  and  merely 
decreases  the  depth  of  modulation  observed.  Third,  although 
much  of  the  light  emitted  from  the  QW’s  is  trapped  by  total 
internal  reflection  at  the  semiconductor-air  interface  or  is 
emitted  into  guided  wave  modes  in  the  plane  of  the  sample,  the 
strength  of  this  coupling  does  not  change  with  cavity  length 
because  the  external  cavity  does  not  support  guided  wave 
modes  (the  refractive  index  of  air  is  smaller  than  the  refractive 
index  of  both  the  external  mirror  and  the  semiconductor). 
The  main  consequence,  then,  of  these  loss  mechanisms  is 
to  effectively  reduce  the  external  quantum  efficiency  of  the 
device.  Fourth,  the  dependence  of  effective  cavity  length 
on  wavelength  arising  from  the  wavelength-dependent  phase 
change  on  reflection  inherent  in  Bragg  mirrors  can  be  ne¬ 
glected  for  L  >  A.  Finally,  the  complicated  dependence  of 
Bragg  mirror  reflectivity  on  incident  angle  means  that  we  are 
not  assured  that  a  resonator  of  length  L  =  m\/2  formed  using 
Bragg  mirrors  has  either  m  angular  resonances  or  that  each 
resonance  receives  an  equal  fraction  of  the  SpE.  However, 
as  long  as  the  number  of  angular  modes  is  reduced  by  one 
for  each  A/2  reduction  in  cavity  length,  the  model  can  be 
expected  to  be  essentially  valid. 

Fig.  9  shows  the  light  input-light  output  (I/O)  curve  for  the 
device  under  the  conditions  of  enhancement  and  inhibition. 
The  solid  curves  are  linear  fits  showing  the  linear  rise  in  SpE 
with  pump  power  below  the  enhancement-condition  threshold 
Pth  «  200  mW.  The  lasing  wavelength  is  «861  nm  and 
the  external  cavity  length  is  ~10  pm.  We  partially  correct 
for  the  influence  of  heating  by  piezoelectrically  tuning  the 
external  cavity  length  to  maintain  the  conditions  for  pump 
beam  resonance.  The  roll-over  of  the  I/O  curve  is  typical  for 
VCSEL’s.  Note  that  under  inhibition  conditions  the  device 
does  not  reach  threshold.  We  performed  our  SpE  experiments 
at  pump  powers  mW  so  that  stimulated  emission  is 
negligible. 

Perhaps  the  most  technologically  important  microcavity 
effect  is  the  reduction  in  lasing  threshold.  Although  micro- 
cavity  effects  have  been  partially  credited  with  the  very  low 
thresholds  recently  achieved  in  oxide-confined  VCSEL’s  [19], 
it  is  difficult  to  establish  how  much  of  the  threshold  reduction 
is  due  to  the  vastly  improved  current  confinement  and  how 
much  is  due  to  the  Fabiy-Perot  resonance  effect.  In  our 
configuration,  it  is  possible  to  make  a  measure  of  the  lasing 
threshold  where  the  only  variable  is  the  cavity  length.  The 
results  clearly  illustrate  the  importance  of  the  microcavity 
effects. 

The  threshold  pump  power  Pth  is  shown  as  a  function  of 
pump  beam  resonance  number  n  in  Fig.  10  for  three  lasing 
wavelengths.  The  spacing  between  sampled  wavelengths  (~1 


Input  Power  (m  W) 

Fig.  9.  The  measured  I/O  curve  under  conditions  of  enhancement  (circles) 
and  inhibition  (squares)  showing  a  linear  rise  in  output  power  with  pump 
power  below  the  enhancement  lasing  threshold  Pth  ~  200  mW.  No  lasing  is 
observed  under  inhibition  conditions. 


Fig.  10.  The  measured  threshold  pump  power  for  three  lasing  wavelengths 
as  a  function  of  pump  resonance  number  n  such  that  n  x  Ap/2  =  L€X t. 
For  n  =  20,  Lex t  ~  7  *im.  The  linear  reduction  in  the  number  of  angular 
Fabry-Perot  modes  with  decreasing  cavity  length  increases  the  fraction  of 
spontaneous  emission  coupled  into  the  optical  axis,  reducing  threshold.  The 
last  point  for  A  =  858.6  nm  was  excluded  from  the  linear  fit 

nm)  is  approximately  the  usual  longitudinal  mode  spacing 
A2/2 L  times  (1-5/6).  The  factor  (1-5/6)  comes  from  sampling 
the  cavity  length  at  spacing  A L  =  Ap/2  «  5/6  x  Ai/2, 
where  A j  is  the  primary  lasing  wavelength  «860  nm.  The 
wavelength  accuracy  is  instrument-limited  to  ~0.6  nm.  There 
is  a  linear  reduction  in  threshold  with  decreasing  cavity  length 
at  each  of  the  three  wavelengths.  As  previously  pointed  out,  a 
Fabry-Perot  resonator  m  x  A/2  long  permits  m  angular  modes. 
As  the  cavity  length  is  reduced  by  A/2,  the  number  of  angular 
modes  is  reduced  by  one.  Correspondingly,  a  larger  fraction  of 
the  total  SpE  is  emitted  into  each  mode,  decreasing  the  lasing 
threshold. 

We  have  investigated  other  probable  causes  of  the  linear 
dependence  of  lasing  threshold  on  cavity  length.  Cavity  loss 
due  to  diffraction  of  the  beam  around  the  edges  of  the  mirrors 
is  known  to  depend  on  cavity  length  [20].  The  magnitude  of 
the  effect,  however,  is  exceedingly  small  (fractional  power 
loss  ~10~7)  because  of  the  large  dimensions  of  the  mirrors 
compared  to  the  cavity  length,  and  depends  nonlinearly  on 
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Fig.  11.  The  lasing  wavelength  as  a  function  of  pump  resonance  number  n 
such  that  n  x  Ap/2  =  Lex t.  For  n  =  20,  Lex t  ~  7  /zm.  The  device  tunes 
continuously  from  855  to  862  nm  and  permits  a  mode  jump  to  845  nm. 

cavity  length.  For  the  high-reflectivity  mirrors  used,  we  expect 
that  intracavity  diffraction  is  the  primary  loss  mechanism 
for  the  cavity.  This  mechanism,  however,  increases  as  1  4- 
( L/Lr )2  where  Lr  &  350  /xm  is  the  Rayleigh  diffraction 
range  and  is  approximately  constant  over  the  range  of  cavity 
lengths  investigated.  The  transverse  mode  structure  was  found 
to  be  multimodal,  giving  rise  to  a  lasing  linewidth  of  0.05 
nm  as  measured  by  a  scanning  Fabry-Perot  spectrometer. 
The  transverse  mode  structure  dependence  on  cavity  length 
was  not  investigated.  However,  because  changes  in  diffraction 
loss  which  might  impact  the  transverse  mode  structure  and 
therefore  the  lasing  threshold  can  be  expected,  based  on  the 
above  arguments,  to  be  small  and  depend  nonlinearly  on  cavity 
length,  we  have  concluded  that  the  Fabry-Perot  resonance 
effect  is  primarily  responsible  for  the  linear  dependence  of 
lasing  threshold  on  cavity  length. 

Fig.  11  shows  the  lasing  wavelength  versus  pump  beam 
resonance  number  n.  The  device  tunes  continuously  from  855 
to  862  nm  with  a  mode  jump  to  845  nm. 

V.  Summary 

We  have  compared  measured  modulation  of  the  cavity- 
normal  spontaneous  emission  power  and  coherence  length 
as  a  function  of  cavity  length  to  the  prediction  of  a  simple 
model  based  on  the  impact  of  Fabry-Perot  resonance  on 
the  emission  from  a  Gaussian  source.  The  model  smoothly 
describes  the  transition  from  microcavity  to  macrocavity  and 
correctly  predicts  that  the  power  and  coherence  length  oscillate 
in  phase.  It  is  also  in  agreement  with  the  magnitude  of  the 
observed  oscillations.  Further,  the  model  indicates  that  RPG 
longitudinal  mode  selectivity  increases  the  modulation  depth 
and  therefore  the  visibility  of  microcavity-induced  power 
and  coherence  modulation  with  cavity  length.  We  have  also 
experimentally  shown  a  linear  reduction  of  lasing  threshold 
with  decreasing  cavity  length  due  to  the  linear  decrease  in  the 
number  of  angular  Fabry-Perot  modes  at  the  lasing  wavelength 
for  an  RPG  design  incorporating  30  QW’s.  These  experiments 
directly  demonstrate  the  importance  of  microcavity  effects  in 
VCSEL’s. 


Appendix  A 

The  essential  physics  of  the  C-QED  effect  is  that  if  an 
emitting  atom  is  close  enough  to  a  mirror  it  may  interact  with 
the  reflection  of  its  photon  before  the  emission  is  complete 
(also  works  in  a  cavity  if  close  to  both  mirrors).  If  die  reflected 
photon  is  in  phase  with  the  emitting  atom’s  dipole  moment, 
then  the  emission  becomes  self-stimulating  and  the  sponta¬ 
neous  emission  rate  increases.  If  this  enhancement  occurs  for 
all  angles  of  emission,  such  as  for  a  cavity  of  length  L  =  A/2, 
the  angularly  integrated  and  therefore  the  total  SpE  rate  will 
be  increased  over  the  ffee-space  rate.  If  the  reflected  photon  is 
out  of  phase,  the  spontaneous  emission  rate  will  be  decreased. 

Bjork’ s  model  [12]  of  C-QED  SpE  rate  modification  in 
the  weak-coupling  regime  treats  the  VCSEL  as  a  symmetric 
Fabry-Perot  cavity  containing  a  single  QW.  The  cavity  end 
mirrors  extend  to  infinity  and  have  fixed  reflectivity  R  and 
phase  change  7r.  The  QW’s  are  infinite  planes  of  point  dipoles 
with  random  in-plane  orientation.  Bjork  calculates  the  SpE  as 
stimulated  emission  driven  by  plane-wave  vacuum  fluctuations 
incident  on  the  cavity.  The  SpE  rate  is  determined  via  Fermi’s 
Golden  Rule,  using  the  overlap  between  the  QW’s  and  the 
standing-wave  electric  field  formed  by  the  incident  vacuum 
fluctuations  as  the  driving  term.  By  integrating  over  all  incident 
angles,  we  arrive  at  the  total  SpE  rate  which  we  normalize 
to  the  ffee-space  value  by  taking  the  limit  of  zero  mirror 
reflectivity.  The  model  ignores  emission  into  guided  wave 
modes  in  the  sample  plane  and  thus  represents  a  “best  case” 
scenario  not  likely  to  be  achieved  experimentally. 

In  order  to  describe  the  asymmetric  multiple-quantum-well 
(MQW)  resonator  used  in  these  experiments,  it  is  necessary  to 
generalize  Bjork’ s  model.  Our  generalization  allows  a  QW  to 
be  placed  anywhere  within  the  cavity  of  length  L  by  varying 
the  its  distance  di  from  the  left  mirror  (Fig.  1).  Since  Bjork 
gives  an  excellent  description  of  the  procedure  for  obtaining 
the  overlap  as  a  function  of  angle  and  the  consequent  total 
SpE  rate,  we  merely  state  the  results  for  our  generalization 

ffp(0)  - — t —  (A1) 

1  —  2R  cos  — 2£  cos  (0)  4*  R2 

Fqw{6)  =  1  -  2VR cos  y  2 di  cos  (0)J  +  R  (A2) 

^pol(0)  =  1  4-  cos2  (0)  (A3) 

■FrAd(0)  =  F?p(0)  *  ^Qw(0)  *  fpOL(0)-  (A4) 

Separating  the  radiation  pattern  Frad(0)  into  three  terms 
allows  identification  of  the  roles  which  the  whole  cavity,  the 
QW,  and  the  polarization  dependence  play.  The  Fabry-Perot 
function  F? p  contains  the  usual  resonance  behavior  associated 
with  the  Fabry-Perot  modes  for  a  cavity  of  length  L;  (1  - 
R )  x  F? p  is  the  etalon  transmission.  The  QW  function  Fqw 
describes  the  location  of  the  QW  relative  to  the  standing  wave 
antinodes  at  the  wavelength  A.  The  function  Fpol  describes 
the  angular  dependence  of  unpolarized  vacuum  fluctuation 
coupling  to  the  dipole  plane. 

To  find  the  total  emission  rate  T,  we  integrate  Frad  over  0. 
The  integral,  as  in  Bjork’ s  work,  is  taken  in  the  limit  of  unity 
mirror  reflectance,  so  that  the  FP  function  can  be  treated  as 
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a  delta  function  and  the  integral  becomes  a  summation.  The 
result  is 


Selecting  di  =  0  or  L  locates  the  QW  at  a  mirror,  quenching 
emission  from  the  cavity.  Symmetric  structures  are  described 
by  di  =  L/2  for  which  case  the  cosine  function  becomes 
(—  l)m  and  (A5)  matches  Bjork’s  (11).  This  describes  the 
selective  coupling  of  the  QW  to  the  m  =  odd  modes.  For 
asymmetric  structures  di  ^  L/2,  the  selectivity  is  not  absolute. 

We  have  implicitly  calculated  T  for  the  case  of  vacuum 
fluctuations  incident  from  the  right.  However,  because  T  is 
invariant  under  the  interchange  of  right  and  left  ( di  — >  L—di ), 
the  result  does  not  depend  on  direction.  This  symmetry  is  a 
result  of  the  limit  of  unity  mirror  reflectivity  which  restricts 
emission  entirely  to  the  Fabry-Perot  resonant  angles. 

The  RPG  structure  is  described  by  N  QW’s  spaced  A/2 
apart,  with  the  first  QW  A/4  from  either  mirror.  To  find  the 
total  spontaneous  emission  rate,  we  set  di  =  A/4-f-(M-l)A/2 
and  sum  (A5)  from  M  =  1  to  M  =  N.  We  then  normalize  the 
result  to  the  number  N  of  QW’s.  This  summation  neglects  the 
possible  stimulation  of  SpE  from  one  QW  by  another  and  may 
therefore  be  expected  to  underestimate  the  maximum  C-QED 
effect  in  RPG  VCSEL’s. 

For  clear  comparison  with  the  case  of  a  symmetric  single¬ 
quantum-well  (SQW)  cavity,  we  also  take  L  ~  NX/2.  The 
variation  in  the  SpE  rate  per  QW  Trpg  with  N  is 


„  3/4  5  1  \  /A^ 

rRI>G  =  i(3  +  2^  +  g^).  (A6) 

For  N  =  1,  this  merely  replicates  Bjork’s  result  Trpg  =  3, 
a  tripling  of  the  SpE  rate.  For  N  =  30,  Trpg  =  1*06.  As 
N  — ►  oo,  we  return  to  the  free-space  rate  Trpg  =  1.  If  we 
compare  Trpg  to  the  SpE  rate  for  a  SQW  at  the  center  of 
a  cavity  of  the  same  length  L  =  NX/2 


Ti 


3N  +1  .  i\T  +  2\ 

4  N  V  ■  3 N  )' 


IV  =  1,3,5,  •••  (A7) 


we  find  that  Trpg  exceeds  T i  by  5%  for  N  =  3  and  by 
1.1%  for  N  =  31.  Thus  we  conclude  that  RPG  increases 
the  microcavity  SpE  rate  per  QW  compared  to  a  SQW  in 
a  cavity  of  the  same  length.  To  make  a  fair  comparison,  we 
have  restricted  our  analysis  to  N  =  odd  so  that  both  the  cavity 
of  length  NX/2  containing  N  QW’s  and  the  cavity  of  length 
NX/2  containing  a  SQW  have  strong  overlap  with  normally 
incident  vacuum  fluctuations. 

In  real  devices,  the  maximum  increase  of  1.06  in  the  SpE 
rate  for  N  =  30  will  be  substantially  reduced  by  emission  into 
guided  wave  modes  which  contain  the  bulk  [21]  of  the  SpE 
power  from  VCSEL’s.  The  total  SpE  rate  is  thus  effectively 
fixed  for  cavities  containing  many  QW’s. 
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We  etched  thermally  poled  fused-silica  coverslips  in  49%  HF  for  30  s  transverse  to  the  poling  direction  to  reveal 
structural  details  of  the  nonlinear  region.  A  peaked  ridge  below  the  anode  surface,  corresponding  to  a  slower 
etch  rate  than  that  of  the  bulk  Si02,  was  located  —5  pm  below  the  anode  surface  for  a  poling  time  of  30  s. 

The  ridge  moved  deeper  into  the  glass  logarithmically  with  poling  time.  This  trend  is  qualitatively  consistent 
with  a  recent  model  for  the  formation  of  the  space-charge  region  that  includes  injection  of  hydrogen  ions  at  the 
anode  surface.  ©  1998  Optical  Society  of  America 
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When  fused-silica  bulk  glasses,1  waveguides,2  or  optical 
fibers3,4  are  electrically  poled  at  an  elevated  tempera¬ 
ture,  a  large  second-order  nonlinearity  with  a  j(2)  ~ 

1  pm/V  can  be  established  in  a  thin  (~10-/xm-wide) 
region  near  the  anodic  surface.  This  phenomenon 
is  of  great  interest  for  applications  such  as  electro¬ 
optic  modulation  and  nonlinear  frequency  conversion. 
The  extent  and  distribution  of  this  nonlinear  region 
have  been  subjects  of  several  investigations.  Myers 
and  co-workers,1,2  using  repeated  etching  and  second- 
harmonic  (SH)  measurements,  reported  that  the  region 
was  ~4  /im  wide  and  peaked  at  the  surface  for  15-min 
poling  and  extended  to  ~8  for  2-h  poling.  Kazan¬ 
sky  et  al.5  probed  the  nonlinearity  with  a  laser  beam 
focused  across  the  side  of  a  poled  sample  and  found 
the  peak  of  the  SH  signal  at  12  /in l  below  the  surface. 
Kazansky  et  al. 6  measured  charge  distributions  in  ther¬ 
mally  poled  silica  glass  with  a  laser-induced  pressure- 
pulse  probe  and  found  regions  of  alternating  charge 
at  the  anode.  Pureur  et  al.  recently  found,  using  a 
prism-assisted  Maker-fringe  technique,  that  the  peak 
of  the  nonlinearity  is  located  below  the  anode  surface 
at  a  depth  that  is  dependent  on  poling  temperature  and 
voltage.7 

Margulis  and  Laurell8  measured  the  regions  of  bulk 
glass  that  are  affected  by  the  poling  process  by  using  an 
interferometer  to  monitor  HF  etch  rates  continuously. 
Poled  regions  were  etched  more  slowly  than  unpoled 
regions.  After  they  poled  for  225  min,  Margulis 
et  al.  found  a  negatively  charged  region  that  was 
5.5  /im  deep  along  with  a  positively  charged  region 
that  was  34  ^m  deep. 

The  correlation  among  the  etch  rates  and  the  local 
fields,  charges,  and  structural  changes  in  the  glass 
has  not  been  elucidated  completely.  Agarwal  and 
Tomozawa9  found  that  an  increase  in  etch  rate  was  cor¬ 
related  with  an  increase  in  the  glass’s  fictive  tempera¬ 
ture,  applied  hydrostatic  pressure,  and  compressive 
stress.  They  postulated  that  the  increased  etch  rate 
corresponds  to  a  decrease  in  the  average  Si-O-Si  bond 
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angle  that  leads  to  higher  reactivity.  Carlson  et  al.10 
showed  that  an  ionic  depletion  region  in  glass  was  more 
resistant  to  HF  than  untreated  glass.  Lesche  et  al}1 
attributed  an  observed  field  dependence  of  the  etch 
rate  to  partial  orientation  of  the  HF  molecules. 

We  report  a  study  of  HF  etching  transverse  to  the 
poling  direction  to  reveal  a  cross  section  of  the  non¬ 
linear  region  of  thermally  poled  glass.  Coverslips  of 
flamed-fused  Heraeus  T08  fused  silica  [~1  part  in 
106  (ppm)  Na,  100  ppm  OH]  were  thermally  poled  at 
275  °C  and  4.3  kV  in  an  ambient  atmosphere.  The 
170- I8O-/1  m-thick  coverslips  were  placed  atop  soda- 
lime  glass  (microscope  slide)  current  limiters,  which 
were  in  turn  placed  atop  Al  foil  cathodes.  Al  foil  an¬ 
odes  were  placed  in  contact  with  the  top  surfaces  of  the 
coverslips.  The  field  was  turned  on  once  the  sample 
reached  a  steady  temperature  of  275  °C.  At  the  end  of 
the  designated  poling  period,  the  oven  door  was  opened 
and  the  sample  was  allowed  to  cool  while  the  voltage 
was  applied.  The  samples  cooled  from  275  to  200  °C 
in  1  min,  by  which  time  the  current  level  typically  de¬ 
creased  by  at  least  an  order  of  magnitude.  We  checked 
the  SH  nonlinearity  by  placing  the  samples  into  a 
Q-switched  Nd:YAG  laser  beam  (1.06  /im)  and  mea¬ 
suring  the  SH  signal  at  532  nm.  All  samples  reported 
here,  regardless  of  poling  time,  yielded  similar  levels  of 
SH  generation  within  a  standard  deviation  of  —14%. 

After  poling,  we  broke  the  samples  to  expose  a  cross 
section  of  the  nonlinear  region.  This  usually  resulted 
in  a  relatively  smooth  surface,  although  the  side 
under  compression  during  breaking  (the  cathode)  was 
often  marred  by  compression  fractures.  The  samples 
were  then  immersed  in  49%  HF  acid  for  30  s.  After 
they  were  rinsed,  the  samples  were  viewed  with  an 
optical  microscope  or  profiled  with  an  atomic  force 
microscope  (AFM). 

The  etching  profile  varies  somewhat  along  the 
sample  as  seen  in  Fig.  1  (for  a  sample  poled  for  30  s). 
The  ridges  are  indicative  of  a  slower  HF  etch  rate 
than  that  of  the  rest  of  the  sample  and  are  typically 
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Fig.  1.  AFM  image  of  a  poled  fused-silica  coverslip  (T  = 
275  °C,  V  =  4.3  kV,  t  ~  30  s)  etched  transversely  to  the 
poling  direction.  The  anode  was  at  the  left  edge.  Two 
ridges  (regions  of  slower  etch  rates)  are  evident,  one  within 
approximately  1  yum  of  the  anode  edge  and  a  second,  higher 
ridge  ~5  yum  deep.  The  vertical  scale  is  400  nm/division. 


200-300  nm  high.  The  typical  bulk  etch  rate  is 
300-400  nm  per  30  s  in  49%  HF.  The  depth  into 
the  sample  of  the  first  ridge  varies  significantly  from 
position  to  position  along  the  cross  section.  The  posi¬ 
tion  of  the  second  ridge  shows  a  quite-consistent  trend 
with  poling  time,  as  seen  in  Fig.  2.  The  data  points 
shown  in  the  inset  are  taken  from  a  single  sample 
on  which  three  ITO  electrodes  were  deposited  with 
a  3-mm  interelectrode  spacing.  The  4.3-kV  poling 
voltage  was  applied  to  each  electrode  for  a  different 
timp  period.  There  was  a  slight  current  leakage  to  the 
other  electrodes,  but  the  resultant  voltages  were  small 
(~100  V)  compared  with  the  4.3-kV  poling  voltage. 
The  second  peak  moves  deeper  into  the  sample  roughly 
logarithmically  with  poling  time.  Other  samples 
from  a  different  glass  supplier  showed  significantly 
increased  inhomogeneity  and  much  less  well-defined 
behavior,  even  though  the  SH  signals  were  comparable 
for  both  types  of  glass.  An  unpoled  coverslip  was  also 
etched;  the  result  was  featureless,  with  no  observed 
deviations  from  the  bulk  etch  rate. 

Figure  2  also  shows  the  same  trend  for  several 
different  samples  with  different  poling  periods.  Each 
data  point  represents  an  individual  sample.  Again, 
the  logarithmic  trend  of  ridge  depth  with  poling  time 
is  clear.  A  straight-line  fit  to  the  logarithm  of  the 
poling  time  is  shown,  as  well  as  a  model  calculation  of 
the  space-charge-depletion  edge  depth.  This  model, 
described  more  fully  in  Ref.  12,  is  based  on  injection  of 
slow  hydrogenated  ions13  (e.g.,  H30+)  into  a  high-field 
negatively  charged  region  at  the  anode  that  was 
depleted  of  more-mobile  Na+  ions.  The  model  allows 
the  two  ionic  carriers  to  have  drastically  different 
mobilities.  Based  on  current  measurements,  shown 
in  Fig.  3,  and  observations  of  multiple  poling  ef¬ 


fects,  the  mobilities  used  in  the  model  calculation  were 
yUNa  =  7.5  X  10-11  cm2  V-2  s-1  and  yuH  =  5  X  10-4  ^Na- 
For  these  parameters  a  depletion  regions  forms  quickly 
(~1  to  2  min),  followed  after  a  much  longer  time  by  for¬ 
mation  of  a  positively  charged  region  of  excess  H+  ions 
under  the  surface.  As  can  be  seen  in  Fig.  3,  the  model 
provides  a  rough  qualitative  fit  to  the  data.  The  flat¬ 
tening  in  the  middle  of  the  model  curve  corresponds 
to  the  establishment  of  the  depletion  region.  We  took 
current  measurements  to  monitor  the  space-charge 
relaxation;  Fig.  3  shows  one  result.  The  increase 
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Fig.  2.  Depth  of  the  second  ridge  below  the  anode  as  a 
function  of  poling  time.  The  three  points  in  the  inset 
correspond  to  a  single  sample  with  varying  poling  times 
on  isolated  electrodes.  The  main  set  of  points  corresponds 
to  separate  samples  poled  for  varying  times.  The  fit  to  a 
simple  logarithmic  time  dependence  is  shown  for  both  data 
sets,  as  is  the  result  of  a  model  that  invokes  motion  of  a  fast 
ionic  species  (Na+)  at  short  times,  which  corresponds  to  the 
current  variation  shown  in  Fig.  3  and  to  charge  exchange 
with  a  much  less  mobile  ionic  species  (possibly  H30+)  at 
longer  times. 


Fig.  3.  Current  versus  time,  showing  depletion-region 
formation.  The  spikes  result  from  surface  arcing. 
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Fig.  4.  AFM  image  of  a  poled  fused-silica  coverslip  (T  = 
275  °C,  V  —  4.3  kV,  t  —  140  min).  The  second  ridge  has 
moved  relatively  uniformly  to  a  depth  of  ~14  /im.  The 
depth  of  the  first  ridge  is  much  less  uniform,  varying  from 
~3  to  7  fxm.  A  narrow,  deep  groove  has  formed  between 
the  two  ridges.  The  cross  section  of  the  ridge  is  shown  in 
the  inset  scanning  electron  microscope  image. 


in  current  in  the  first  half-minute  most  likely  is 
due  to  initial  impurity  distributions  at  the  surface. 
The  — 2-min  decay  of  the  current  corresponds  to  the 
formation  of  a  space-charge  region.  The  observation 
that  the  second  ridge  continues  to  move  deeper  into  the 
sample  for  times  beyond  that  required  for  space- 
charge  formation  is  strong  evidence  that  positive 
charge  injection  continues  at  the  anode.  Since  the  SH 
signals  are  not  changing  substantially  during  this  evo¬ 
lution,  the  nonlinear  susceptibility  is  clearly  varying 
dramatically. 

The  ridges  represent  a  decreased  etch  rate  com¬ 
pared  with  that  of  the  bulk  glass.  It  is  possible  that 
the  typical  etch  profile  reflects  the  high-electric-field 
profile  that  is  present  in  the  space-charge  region. 
We  should  caution  that  in  the  case  described  in 
Ref.  11,  the  electric  field  was  normal  to  the  etched 
surface,  whereas  in  the  present  case  the  electric  field 
is  parallel  to  the  etched  surface.  If  the  etch  profile 
is  indicative  of  the  internal  field,  the  presence  of 
two  ridges  is  evidence  for  two  negatively  charged 
depletion  regions  separated  by  a  positively  charged  or 
neutral  region.  It  is  also  possible  that  the  local  field 
or  the  sign  of  the  local  charge  causes  structural  stress, 
changing  the  bond  angles  and  reactivity. 

Other  significant  subfeatures  were  observed  on  all 
samples  poled  for  —60  min  or  longer.  As  can  be 
seen  in  Fig.  4,  for  a  sample  poled  for  140  min,  an 
— 0.75-yum-deep  narrow  channel  forms,  reflecting  a 
substantially  increased  etch  rate.  The  channel  is  al¬ 
ways  located  between  the  two  ridges,  yet  its  position 
varies  along  the  sample,  making  a  quantitative  analy¬ 
sis  difficult.  The  inset  shows  a  cross-section  scanning 
electron  microscope  image  of  the  channel.  The  chan¬ 
nel  seems  too  narrow  to  reflect  an  electric-field  varia¬ 


tion  and  is  more  likely  indicative  of  compressive  stress9 
or  a  localized  defect  accumulation. 

This  experiment  provides,  for  what  is  believed  to 
be  the  first  time,  a  spatially  resolved  visualization 
of  the  nonlinear  region  in  thermally  poled  fused  sil¬ 
ica  through  cross-sectional  HF  etching.  A  ridge  corre¬ 
sponding  to  a  decreased  etch  rate  moves  deeper  into 
the  sample  logarithmically  with  poling  time,  which 
is  qualitatively  consistent  with  the  predictions  of  a 
recent  hydrogen-ion-exchange  model  for  the  develop¬ 
ment  of  the  depletion  region.  The  ridges  may  re¬ 
flect  the  electric-field  profile  in  the  glass,  but  the 
observation  of  a  channel  with  an  increased  etching 
rate  for  extended  poling  times  suggests  that  more- 
complicated  effects  are  also  occurring.  Notably,  this 
measurement  demonstrates  that  the  extent  and  hence 
the  strength  of  the  second-order  nonlinear  suscepti¬ 
bility  [*(2>]  is  varying  significantly  with  poling  time 
even  though  the  SH  signals  are  not.  This  result 
is  consistent  with  the  electric-field-induced  nonlin¬ 
earity  models  that  predict  that  x{2)  is  proportional 
to  E,  and  thus  the  SH  signal  is  proportional  to 
(f  Edx)2  —  V2. 
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Abstract 

Measurements  of  the  transient  behavior  of  both  the  second-harmonic  generation  signal  and  the  poling  current  for 
type-II  fused  silica  samples  under  a  variety  of  poling  histories  are  reported.  The  applied  voltage  was  switched  between 
+5  kV,  0  V,  and  -5  kV  with  the  sample  maintained  at  275°C.  Observations  include:  multiple  time  scales  (seconds  to 
minutes)  for  development  of  the  non-linearity  depending  on  the  poling  history;  a  transient  second-harmonic  signal  on 
the  new  cathode  side  of  the  sample  following  voltage  reversal;  and  hysteretic  incubation  intervals  before  growth  of  the 
non-linearity.  These  observations  are  incompatible  with  the  usual  single  mobile  ion  (e.g.  Na+)  model  for  establishing 
the  strong  local  electric  field  that  leads  to  the  non-linearity.  An  expanded  model  including  ion-exchange  between  a  high 
mobility  ion  (as  Na+)  and  a  much  lower  mobility  ion  (related  to  H+)  provides  a  good  qualitative  fit  to  the  experi¬ 
ments.  ©  1998  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  42.70.Ce;  42.65.Ky;  77.22.Jp;  72.80.Ng 


1.  Introduction 

Silica-based  glass  optical  fibers  dominate  opti¬ 
cal  communications.  Passive  devices  such  as  Bragg 
grating  filters  are  finding  increasing  application  in 
telecommunications  systems  and  are  particularly 
important  for  evolving  wavelength-division-mul¬ 
tiplexed  (WDM)  architectures.  Active,  electrically 
tunable  waveguide  and  fiber  devices  based  on  a 
second  order  non-linearity  (%(2))  in  Si02  would  find 
important  systems  applications. 
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Amorphous  Si02  normally  has  a  macroscopic 
inversion  symmetry  that,  in  the  electric  dipole 
approximation,  forces  to  zero.  Myers  et  al. 
found  that  a  large,  permanent  x ^  (~1  pm/V)  can 
be  created  by  high-voltage  (~5  kV)  poling  of  a 
bulk  fused  silica  sample  at  ~250°C  (thermal  pol¬ 
ing)  [1].  While  observation  of  this  non-linearity  has 
since  been  extended  to  thin-films  and  fibers  [2-4]  a 
complete  understanding  of  the  mechanisms  un¬ 
derlying  the  formation  of  the  non-linearity  has  yet 
to  be  achieved.  In  an  earlier  paper,  we  proposed 
the  following  mechanism:  (i)  charge  transport  of 
mobile  cations  (e.g.  Na+)  through  the  glass  toward 
the  cathode;  (ii)  formation  of  an  anodic  space- 
charge  region  of  width  wo  =  yJleV/eN  (with  e  the 
dielectric  constant,  V  the  applied  voltage,  e  the 
magnitude  of  the  electronic  charge  and  N  the  Na 
density);  (iii)  resulting  in  a  large,  static  electric  field 
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[Edc  =  qN(wo  -x)/e;x^  w0])  peaked  at  the  anode 
surface;  and  (iv)  fixing  of  these  charge  and  field 
distributions  on  cooling  with  the  field  applied  [1]. 
In  bulk  fused  silica  the  primary  charge  transport  is 
via  sodium  ions  (Na+).  In  high-purity  deposited 
glass  thin  films  and  in  fibers,  other  cations  may 
play  a  similar  role.  The  strong  electric  field  breaks 
the  centrosymmetry  and  an  effective  is  estab¬ 
lished  via  the  third  order  susceptibility: 

x(2)  =  3XmEic  (1) 

and/or  the  orientation  of  dipoles  [5] 


x(2) 


PpMEtc 

“  5  kT 


(2) 


where  /?  is  the  hyperpolarizability,  p  is  the  dipole 
moment,  M  is  the  density  of  dipoles,  k  is  Boltz¬ 
mann’s  constant,  and  T  is  the  temperature.  In  ei¬ 
ther  case,  x(2)  is  proportional  to  Edc.  Most 
experiments  have  used  the  second-harmonic  (SH) 
signal  to  measure  the  non-linearity.  As  has  been 
confirmed  in  a  number  of  experiments  [6,7],  the 
SH  power  is  proportional  to  the  square  of  the  in¬ 
tegrated  electric  field  as  long  as  the  scale  length  is 
less  than  the  glass  SH  coherence  length,  /coh : 


■Pshg  oc 
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While  this  single  carrier  model  explains  many  of 
the  experimental  observations,  there  are  also  a 
number  of  incompatible  experimental  observa¬ 
tions.  Included  are  the  detailed  spatial  distribution 
of  the  non-linearity,  the  observation  of  multiple 
time  scales  for  the  poling,  and  the  dependence  of 
the  non-linearity  on  the  sample  thermal  poling 
history.  Below  we  report  additional  observations 
including  a  transient  cathodic  non-linearity  that 
are  also  inconsistent  with  the  single  carrier  species 
model.  To  resolve  these  discrepancies  we  propose 
an  additional  charge  transport  associated  with  the 
establishment  of  the  large  isdc,  namely,  ion  ex¬ 
change  associated  with  water  or  another  mobile 
cation.  The  time  scale  for  hydrogen  transport 
(~  hours)  is  much  longer  than  that  for  Na  (<  1  min), 
leading  to  the  observed  multiple  time  scales  and 
the  dependence  on  the  sample  history.  These  ob¬ 
servations  and  the  resulting  charge  exchange 
model  are  detailed  below  along  with  a  discussion 


of  the  considerable  literature  concerning  H+ 
charge  transport  in  silica-based  glasses. 

1.1 .  The  depletion  layer  /space  charge  region 

There  is  a  great  deal  of  evidence  supporting  the 
establishment  of  a  negatively  charged,  depletion 
region  in  poled  silicate  glasses.  Early  measure¬ 
ments  of  a  space  charge  region  in  fused  silica  and 
other  glasses  used  imbedded  foil  voltage  probes 
[8,9].  A  majority  of  the  applied  potential  appeared 
across  a  thin  anodic  region.  A  space-charge  layer 
depleted  of  alkali  ions  with  a  corresponding  high 
electric  field  is  observed  in  field-assisted  glass-to- 
metal  sealing  in  borosilicate  glasses  [10-12].  A 
sodium  and  calcium  depleted  region  was  measured 
in  soda-lime  glass  after  dc  poling  [13,14].  He  et  al. 

[15]  modeled  the  development  of  the  space  charge 
region  in  glasses  under  room  temperature  and  low 
applied  potential  conditions  (1-10  V),  finding  re¬ 
sults  consistent  with  our  initial  single  carrier 
model. 

1.2 .  Spatial  extent  and  structure  of  the  non-linear 
region 

Generally,  the  thermal  poling  non-linearity  has 
been  found  in  a  5-20  pm  thick  region  underneath 
the  anode.  Several  experiments  have  provided 
additional  information  on  the  location  of  the  space 
charge  region  and  the  non-linearity  showing  that 
there  is  more  than  just  a  simple,  uniformly  nega¬ 
tively  charged  region.  Kazansky  and  Russell  used 
a  focused  laser  to  probe  the  non-linear  layer  and 
observed  that  the  non-linearity  peaked  12  pm  be¬ 
low  the  anode  surface  with  a  7  pm  spatial  extent 

[16] .  Kazansky  et  al.  [17]  measured  charge  distri¬ 
butions  in  thermally  poled  silica  glass  via  a  laser 
induced  pressure  pulse  probe  (LIPP)  technique 
and  found  regions  of  alternating  charge  below  the 
anode.  They  postulated  the  formation  of  real  space 
charge  layers  and  dipole  polarization.  Using  an 
HF  etching  technique,  Margulis  et  al.  measured 
the  regions  of  glass  effected  by  the  poling  process 
[18].  For  a  long  poling  time  of  225  min,  they  found 
a  5.5  pm  deep  region  which  they  associated  with 
negative  charge,  as  well  as  a  region  out  to  34  pm 
associated  with  a  weak  excess  of  positive  charge. 
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Myers  et  al.  found  that  long  poling  times  extended 
the  space  charge  region  further  into  the  glass  [1,6]. 
By  repeated  etching  of  1.6  mm  thick  poled  sam¬ 
ples,  followed  by  SH  measurement,  they  found 
that  the  depth  of  the  non-linearity  was  greater  for 
a  sample  poled  for  2  h.  (SH  reduced  to  10%  at  8  . 
pm  etch  depth)  compared  to  one  poled  for  15  min 
(SH  reduced  to  10%  at  3.5  pm  etch  depth).  Pureur 
et  al.  have  recently  shown,  using  a  prism-assisted 
Maker-fringe  technique,  that  the  peak  of  the  non¬ 
linearity  is  located  below  the  anode  surface  with  a 
depth  dependent  on  poling  temperature  and  volt¬ 
age  [19].  Takebe  et  al.  compared  samples  poled  in 
laboratory  air  versus  samples  poled  in  vacuum. 
Because  of  differences  in  measured  SH  levels,  they 
concluded  that  an  atmospheric  molecular  species 
was  affecting  the  formation  of  the  non-linearity  [7]. 

1.3.  Field-assisted  ion  exchange 

Ion  exchange  is  a  standard  method  of  making 
optical  waveguides  in  glasses  [20,21].  Application 
of  an  external  field  can  enhance  this  exchange  as 
analyzed  theoretically  by  Abou  el  Leil  and  Cooper 
[22].  Their  charge  exchange  model  was  developed 
for  borosilicate  and  soda-lime  silicate  glasses, 
which  typically  have  much  higher  concentrations 
of  ionic  species  (e.g.  1021  cm"3)  than  does  fused 
silica  (~1016  cm“3).  The  model  is  based  on  a  quasi¬ 
neutral  approximation  which  assumes  that  the 
sum  of  the  densities  of  the  two  ionic  species  is  a 
constant,  independent  of  position,  during  the  ex¬ 
change  process  and  hence  that  the  applied  electric 
field  is  uniform  across  the  sample.  Oven  et  al.  [23] 
showed  that  this  quasi-neutrality  model  was  a 
good  approximation  and  evaluated  an  example  for 
M  =  1/3  (As  we  show  below,  this  quasi-neutrality 
assumption  is  inappropriate  if  the  mobilities  of  the 
exchanged  ions  are  very  different  as  in  the  case  of 
Na+  and  H+  in  fused  silica  (M  ~10"4)  when  the 
model  must  be  modified  to  include  the  non-negli- 
gible  voltage  drops  across  the  boundary  region 
between  the  charge  carrier  concentration  fronts 
and  the  slow  carrier  drift  region.) 

When  fused  silica  is  thermally  poled,  interaction 
with  the  atmosphere  or  with  a  hydrated  surface 
can  result  in  a  field-assisted  ion-exchange  process. 

If  an  ionic  species  is  present  at  the  fused  silica 


surface,  the  space  charge  region  does  not  form  as 
simply  as  in  the  single  carrier  model.  A  space 
charge  develops  under  poling  [24],  but  it  is  dy¬ 
namic  [6,25]  and  evolves  on  the  time  scale  of  the 
slow  carrier.  A  possible  cause  of  the  observed  dy¬ 
namic  behavior  is  that  moisture  is  injected  into  the 
sample  in  the  form  of  a  hydrogenated  species  such 
as  H+  or  H30+.  The  hydrogenated  ions  are  pro¬ 
duced  by  high  field  ionization  at  the  anode  surface, 
or  from  field-assisted  evolution  of  OH  bonds  into 
H30+  [26,27]. 

1.4.  Sodium  mobilities 

Reported  values  for  Na+  mobility  in  different 
glasses,  including  fused  silica,  vary  greatly.  Stagg 
measured  a  sodium  mobility  of  5  x  10“7  cm2  V”1 
s"1  in  Si02  films  at  250°C  [28].  Page  et  al.  gave  a 
mobility  of  2  x  10“9  cm2  V'1  s"1  in  soda-lime 
glass  [29].  Schaeffer  et  al.  found  that  the  mobility 
of  sodium  ions  was  lowest  for  high  OH-containing 
Si02  [30].  Interpolating  data  gathered  from  Drury 
and  Roberts  [31]  leads  to  a  value  at  400°C  of  ap¬ 
proximately  3  x  10“ 11  cm2  V"1  s“!  for  fused  silica 
with  150  ppm  OH  (e.g.  Herasil)  and  3  x  10“9  cm2 
V"1  s"1  for  fused  silica  with  10  ppm  OH  (e.g.  In- 
frasil).  By  examining  the  rise  time  of  the  SH  signal, 
Myers  calculated  an  effective  Na  mobility  in  fused 
silica  (Optosil)  of  ~10_1°  cm2  V"1  s_1  at  250°C, 
assuming  a  space  charge  density  of  1016  cm"3  [6]. 
Shin  and  Tomozawa  have  recently  reported  ex¬ 
tensive  measurements  of  conductivities  in  fused 
silica  [34],  Interpolating  to  270°C  from  their  data 
for  type  II  fused  silica,  and  assuming  a  1  ppm 
carrier  concentration,  gives  a  mobility  of 
~  5  x  10"10  cm2  V"1  s"!.  Our  recent  measurements, 
again  for  a  1  ppm  concentration,  have  shown  a 
sample-dependent  range  of  mobilities  from  10”11 
to  5  x  10"9  cm2  V"1  s"1.  This  range  could  be  due 
to  variations  in  either  ionic  or  total  impurity 
concentrations  and  distributions. 

1.5.  Hydrogen  in  many  forms  in  fused  silica 

Fused  silica  is  classified  into  four  types  de¬ 
pending  on  the  method  of  formation  and  the  water 
content.  Two  of  these  classifications,  type  II  and 
III,  are  ‘wet’  silicas,  with  a  large  content  of  OH, 
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and  not  as  a  bare  proton  ion  [42,43].  Lanford  et  al 
showed  a  three  for  one  replacement  of  hydrogen 
atoms  for  Na  atoms  in  soda-lime  glass,  implying 
that  hydronium  was  the  mobile  species  [39].  No- 
gami  and  Abe  found  that  proton  conduction  in  a 
‘wet’  silica  (sol-gel)  glass  is  ‘water-cooperative’ 
with  the  conduction  process  described  by  protons 
hopping  between  hydroxyl  and  water  molecules, 
and  the  activated  state  again  being  H30+  [44]. 
Several  other  observations  on  proton  transport 
and  diffusion  in  vitreous  silica  have  been  reported 
[45-47]. 


2.  Experimental  procedures 

Dynamic  measurements  were  carried  out  in  situ 
with  an  electric  field  applied  to  the  heated  sample 
as  shown  in  Fig.  1  [5,25].  To  control  the  poling 
atmosphere,  the  sample  was  placed  in  a  chamber 
with  a  quartz  window.  The  sample  was  heated  and 
laser  light  (a  CW  mode-locked  Nd:YAG  laser  with 
2=1.06  pm,  ~200  ps  pulses,  repetition  rate  82 
MHz,  chopped  at  a  50%  duty  cycle)  was  focused 
onto  the  top  surface.  The  focal  spot  diameter  was 
~50  pm  with  an  average  power  density  of  ~10 
kW/cm2.  Observations  were  through  a  deposited, 
transparent  indium-tin-oxide  (ITO)  electrode.  The 
sample  thickness  (5-10  mm)  was  much  greater 
than  the  optical  depth-of-focus  (~300  pm)  so  that 
only  a  single  surface  region  of  the  sample  was 
probed.  The  optical  path  includes  transmission 
through  the  sample,  reflection  from  a  polished  Si 


Fig.  1.  In  situ  arrangement  for  measuring  SH  signal  and  elec¬ 
trical  current  during  formation  of  the  second-order  nonlinearity 
in  fused  silica. 


wafer  used  as  the  bottom  electrode,  and  retrans¬ 
mission  through  the  sample.  After  appropriate 
filtration,  a  photomultiplier  was  used  to  detect  the 
SH  light.  The  voltage  applied  to  the  electrodes 
(ITO  and  Si  wafer)  could  be  switched  in  polarity  or 
shorted,  on  a  time  scale  of  ms,  using  vacuum  relay 
switches.  Applied  voltages  were  limited  to  ±5  kV 
to  avoid  electrical  breakdown  in  the  atmospheric 
pressure  ambient.  An  electrometer  was  connected 
between  the  Si  electrode  and  ground  to  monitor 
the  current  through  the  sample.  Current  due  to 
surface  conduction  was  minimized  by  using  large 
samples  compared  with  the  ITO  electrode  dimen¬ 
sions  and  by  careful  cleaning  of  the  samples;  a 
guard  electrode  was  not  used.  The  currents  ob¬ 
served  on  switching  polarities  were  much  larger 
than  in  the  steady-state,  suggesting  that  surface 
conduction  effects  were  minimal. 


3.  Results 

3.1.  Dynamic  behavior  and  shortfalls  in  the  single 
charge  carrier  model 

The  dynamic  behavior  of  the  electrical  current 
and  SH  signal  is  shown  in  Fig.  2  for  a  fixed  tem¬ 
perature  of  275°C.  At  least  two  time  scales  are 
apparent.  When  the  sample  is  poled  for  the  first 
time  (+5  kV;  SH  from  the  anode  side),  there  is  first 
an  incubation  period  of  ~4  min  during  which  the 
current  is  relatively  large  and  unchanging  and 
there  is  no  observed  SH  signal.  As  the  current 
decreases  over  a  period  of  several  tens  of  minutes 
(as  a  result  of  the  formation  of  a  blocking  space- 
charge  region),  the  SH  signal  grows  for  this  6  mm 
thick  sample  (commercial  grade  type  II  silica). 
(The  step  in  the  current  at  about  22  min  is  an  ar¬ 
tifact  and  should  be  ignored.)  On  shorting  the 
sample  (not  shown),  both  the  current  and  the  non¬ 
linearity  fall  rapidly  on  a  time  scale  of  10s  of  sec¬ 
onds  rather  than  minutes.  Fig.  2  also  shows  the 
current  and  SH  signals  upon  reapplying  a  voltage 
of  the  same  polarity  to  the  sample.  Both  the  cur¬ 
rent  and  the  SH  respond  on  the  ~  10  s  time  scale, 
comparable  to  the  fall  times  and  much  faster  than 
the  original  poling.  After  the  rapid  response  there 
is  a  continuing  slow  rise  in  the  SH  signal  accom- 
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Fig.  2.  Multiple  time  scales  are  observed  for  repeated  poling/ 
depoling  cycles.  The  initial  poling  shows  an  incubation  period 
preceding  a  slow  SH  growth,  while  the  current  decays  over  10’s 
of  minutes.  On  repoling  (following  a  short  circuit  to  ground) 
the  SH  signal  rises  rapidly  and  the  current  falls  sharply  over  10s 
of  seconds  before  reverting  to  the  slow  time  scale.  The  discon¬ 
tinuity  in  the  initial  poling  current  at  about  22  min  is  an  ex¬ 
perimental  artifact  and  should  be  ignored. 


panied  by  a  fall  in  the  current  on  the  original  time 
scale  of  10s  of  min. 

A  transient  SH  signal  under  the  new  cathode 
following  voltage  reversal,  as  seen  in  Fig.  3,  is 
another  effect  that  cannot  be  explained  by  the 
single  carrier  model.  Here,  the  sample  has  been 
prepared  for  a  long  poling  time  at  a  positive  bias 
establishing  a  steady-state  SH  signal  and  the  cur¬ 
rent  has  dropped  to  low  levels.  The  bias  is  then 
directly  switched  from  +5  to  -5  kV.  The  SH  signal 
at  the  new  cathode  drops  towards  zero  and  then 
rises  again  on  the  fast  time  scale  (10s  of  s)  while  a 
rapid  current  transient  is  observed.  The  SH  signal 
then  decays  towards  zero  on  the  10  min  time  scale 
while  the  current  rises.  This  SH  signal  is  evidence 
of  a  significant  voltage  drop  occurring  under  the 
new  cathode  that  is  inconsistent  with  the  single 
carrier  model.  Finally,  the  polarity  of  the  applied 
voltage  is  again  switched.  There  is  a  rapid  (10  s 
time  scale)  current  transient  followed  by  a  slow 
steady  decay.  The  SH  signal  does  not  show  any 
structure  on  the  fast  time  scale  but  grows  during 


Fig.  3.  Effect  of  field  reversal  on  SH  signal  and  electrical  current 
in  6  mm  thick  type  II  fused  silica.  Voltages  applied  were  ±5  kV 
at  ~275°C.  The  curve  labeled  model  is  a  simulation  result  as 
discussed  in  the  text. 


the  current  decay  at  the  long  (10  min  time  scale)  of 
the  original  poling  (cf.  Fig.  2).  Note  that  this  ob¬ 
servation  may  explain  some  of  the  puzzling  reports 
[48,49]  of  surface  and  bulk  poling  regimes.  If  the 
sample  charge  distribution  is  frozen  while  a  SH 
region  is  present  on  both  sides  of  the  sample,  a 
Maker-fringe  experiment  will  show  fringes  with  a 
period  consistent  with  volume  (bulk)  poling. 

Another  interesting  feature  is  observed  with 
field  reversal.  Often,  but  not  always,  when  the  field 
is  reversed,  there  is  a  delay  before  SH  signal 
growth,  similar  to  the  incubation  period  observed 
in  connection  with  the  original  poling.  A  level  of 
current  substantially  higher  than  after  space- 
charge  formation  accompanies  this  incubation 
period.  An  example  of  this  is  seen  in  Fig.  4.  Prior 
to  this  poling  with  positive  bias,  the  sample  had 
undergone  poling  with  an  applied  voltage  of  -5  kV 
on  the  ITO  electrode  for  ~90  min.  After  the  poling 
with  negative  bias,  the  sample  was  cooled  to  room 
temperature  and  reheated  after  several  hours 
without  any  applied  voltage.  As  the  figure  shows, 
on  applying  a  +5  kV  bias,  there  was  a  period  of 
about  20  min  when  the  current  was  high.  Only 
after  this  charge  movement  is  complete  does  the 
space  charge  region  form  and  the  SH  signal  ap¬ 
pear.  We  have  observed  a  correlation  between  the 
duration  poling  is  maintained  at  the  reverse  bias 
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Fig.  4.  Delay  of  growth  (incubation  period)  of  SH  for  a  6  mm 
type-II  fused  silica  sample  poled  at  +5  kV.  The  sample  had  been 
previously  poled  for  ~90  min  at  -5  kV.  The  model  is  shown  for 
qualitative  comparison,  see  text  for  details.  The  ripples  in  the 
SH  signal  are  frequently,  but  not  always,  observed. 

and  the  length  of  this  incubation  period,  with 
saturation  of  the  incubation  time  for  long  reverse 
polings.  A  similar  conductivity  plateau  before 
space  charge  formation  has  been  observed  in  ex¬ 
periments  done  at  much  lower  voltages  and  is 
called  the  dc  conductivity  level  [24]. 

Significant  experimental  observations  include: 
(1)  a  SH  signal  under  a  new  cathode  following  field 
reversal,  implying  a  space  charge  region;  and  (2) 
the  multiple  time  scales  for  signal  formation.  These 
observations  have  led  us  to  extend  the  transport 
model  for  fused  silica  poling. 


4.  Model 

4. 1.  Brief  review  of  the  single  carrier  model 

When  fused  silica  is  thermally  poled,  the  field  in 
the  space  charge  region  can  be  quite  large.  For  a 
first  estimate,  the  field  strength  (2sdc)  and  space 
charge  width  (w0)  can  be  calculated  following  Von 
Hippel  et  al.  [5],  assuming  a  single  ionic  carrier. 
The  electric  field  is  given  by 

£dc  =  —  (w0-x)  0<x<w0=0  *>w0,  (4) 

£ 


w0  =  ^/leV/eN. 

The  fixed  charge  density  N,  associated  with  im¬ 
mobile  non-bridging  oxygen  hole  centers  (NBO“), 
is  equal  to  the  mobile  Na+  density  of  ~2  x  1016 
cm'3  for  type  II  silica  [51].  This  gives  wo  ~  10  pm 
and  a  peak  electric  field  of  2sdc  ~  1  x  107  V  cm-1  at 
the  surface  for  £  =  3.8£o-  This  peak  electric  field 
approaches  the  nominal  fused  silica  breakdown 
field  strength,  ~3  x  107  V  cm-1  [51].  This  depletion 
width  is  in  qualitative  agreement  with  typical  re¬ 
sults  for  the  extent  of  the  non-linearity  [1,5].  The 
dynamics  of  the  formation  of  the  depletion  region 
for  the  single  mobile  carrier  model  are  described 
by  [50] 

w(t)  =  w0  tanh(^),  (5) 

where  t  =  wQL/2pV  and  L  is  the  sample  width. 

4.2 .  Assumptions  and  approximations  for  the  mul¬ 
tiple-carrier  model 

In  order  to  describe  the  observed  dynamic  be¬ 
havior  of  the  second-order  non-linearity,  we  pos¬ 
tulate  that  the  space  charge  region  and  associated 
high  electric  field  are  affected  by  injection  of  a 
second  ionic  species.  Most  likely,  based  on  the 
work  discussed  above,  this  second  species  is  asso¬ 
ciated  with  hydrogen  (H+  or  H30+)  and  will  be 
denoted  as  H+  below.  Other  species  such  as  Ca++ 
or  K+  may  also  play  a  role. 

Several  assumptions  are  necessary  to  fit  the 
experimental  data: 

1.  We  require  a  fast  carrier  (Na+)  to  explain  pro¬ 
cesses  that  occur  on  fast  (~10  s)  time  scales. 

2.  A  second,  slower  positive  carrier  (HsO"1")  is 
needed  to  explain  slow  (~10  min)  processes. 

3.  The  SH  signal  under  the  new  cathode  implies  a 
voltage  drop  associated  with  a  buildup  of  posi¬ 
tive  charge.  A  voltage  drop  will  occur  on  field 
reversal  only  if  the  buildup  leads  to  a  positive 
charge  accumulation  in  excess  of  the  back¬ 
ground  charge  density. 

4.  After  field  reversal,  as  the  excess  positive 
charge  is  pushed  back  out,  the  sodium  ion 
movement  is  effectively  blocked  by  the  pres¬ 
ence  of  the  slow  H+  ions  (channel  stuffing); 


where 


172 


T.G.  Alley  et  al  f  Journal  of  Non-Crystalline  Solids  242  (1998)  165-176 


i.e.,  the  Na+  motion  is  dependent  on  the  H+ 
concentration. 

5.  Interdiffusion  during  this  blocking  phase  results 
in  a  mixture  of  hydrogen  and  sodium  ion  con¬ 
centrations;  the  resulting  mobility  is  between 
that  of  sodium  and  hydrogen  ions. 

4.3.  Simplifications  to  the  numerical  computation 

In  general  the  current  equation  contains  two 
terms,  a  field  conduction  term  and  a  diffusion  term 

j  =  epEn  +  eD 

where  e  is  the  electronic  charge,  n  is  the  ionic 
carrier  concentration,  and  D  is  the  diffusion  coef¬ 
ficient,  related  to  the  mobility  by  the  Nernst-Ein- 
stein  relation  p  =  ( eD/kT ).  The  scale  length  L  for 
which  these  two  terms  are  approximately  of  equal 
importance  can  be  estimated  by  combining  this 
expression  with  Poisson’s  equation,  viz. 

T”(z)  KnE~enNL/^L^LD  «  (6) 

Ld  is  the  Debye  length  for  screening  an  external 
field  from  a  free  carrier  plasma.  At  a  temperature 
of  275°C  and  a  background  charge  density  of  1 
ppm,  Ld  is  approximately  30  nm  <  w>0  ~  10  pm, 
justifying  the  approximation  j  =  epEn  which 
dramatically  simplifies  the  numerical  computa¬ 
tions. 

However,  this  approximation  breaks  down 
when  the  fields  are  reversed  and  the  fast  ions  are 
blocked  by  the  slow  ions.  In  this  situation,  there  is 
no  net  charge  density  and  no  variation  in  the  local 
electric  field  and  diffusion  is  the  only  active  pro¬ 
cess.  By  neglecting  diffusion  we  are  forced  to  as¬ 
sume  point  #5  above.  A  more  complete  model 
would  include  diffusion  and  this  intermixing  and 
the  intermediate  mobility  would  arise  naturally 
from  the  calculation. 


4.4.  Development  of  the  model 


The  injection  of  hydrogen  at  the  surface  is  de¬ 
scribed  by  the  continuity  equation, 


9/  =  8kh 

Sjc  6  3 1 


(?) 


along  with  the  initial  and  boundary  conditions, 

«tot(0  <  *  <  d,  t  =  0)  =  0  rttot(*  =  0, 0  = 

(8) 

where  rjHi  the  charge  density  at  the  anode  surface 
normalized  to  the  initial  Na+  density,  is  an  ad¬ 
justable  parameter  that  describes  the  injection  of 
hydrogen  ions.  The  hydrogen  charge  distribution, 
«h>  can  be  evaluated  by  using  a  simple  backward 
differencing  method  provided  E  is  known.  The 
electric  field  is  found  from  Poisson’s  equation: 

X 

E(x)  =E0  +  ^j ntot(x')  dx\  (9) 

o 

where  the  field  at  the  surface,  E0,  is  determined  by 
the  circuit  condition  that  the  total  voltage  drop 
across  the  sample  equals  the  applied  voltage.  If 
only  the  Na+  ions  are  mobile,  a  further  condition 
in  the  steady-state  is  that  the  field  must  go  to  zero 
at  the  edge  of  the  depletion  region,  E(x  ^  w)  =  0, 
otherwise  the  Na+  ions  would  continue  to  move  to 
screen  the  field. 

When  a  field  is  first  applied  the  high  mobility 
carriers  respond  initially  and  drift  towards  the 
cathode  leaving  behind  a  space-charge  region  that 
results  in  a  high  field  region  adjacent  to  the  anode 
(as  in  the  single  carrier  model).  In  response  to  this 
field,  positive  hydrogen  ions  are  drawn  into  the 
depletion  region  with  a  charge  distribution  nH(x). 
The  total  charge  density  is  given  by  «tot(r) 
=  «NaW  +»H(*)  -N. 


4.5.  Model  results :  unlimited  supply  of  hydrogen 

Fig.  5  shows  the  evolution  of  the  total  charge 
density  distribution  for  an  applied  voltage  of  +5 
kV  assuming  that  there  is  a  negligible  space  charge 
region  at  the  cathode.  Several  poling  times  up  to 
10  min  are  shown  for  a  6  mm  thick  sample.  For 
this  example  several  parameters  are  fit  to  the  ex¬ 
perimental  observations:  pNa  of  5  x  10"9  cm2 
s“l  (to  fit  the  fast  rise/fall  times  of  30  s,  assumption 
1);  pH  of  2  x  10-13  cm2  V~!  s_1  (to  fit  the  slow  20 
min  rise  times,  Assumption  2). 

In  order  to  be  consistent  with  the  experimental 
observation  of  a  non-linearity  under  the  cathode 
after  field  reversal,  it  is  necessary  to  have  a  positive 
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Fig.  5.  Evolution  under  field  reversal  of  the  electric  field  and 
total  charge  density  as  Na+  and  H+  redistribute.  The  depth  and 
electric  field  are  normalized  to  the  steady-state  values  of  the 
single  carrier  model.  The  total  charge  density  is  normalized  to 
the  background  negative  charge  density,  (a)  to  (d)  show  the 
evolution  of  the  poling  at  +5  kV.  At  10  min  between  (d)  and  (e), 
the  voltage  is  reversed,  (e)  and  (f)  show  the  electric  field  drop  as 
sodium  ions  neutralize  the  depletion  layer,  (g)  shows  the  de¬ 
crease  in  the  electric  field  as  excess  positive  charge  is  pushed  out 
at  the  surface. 


charge  accumulation  above  the  background 
charge  density  near  the  surface  (Assumption  3). 
Within  our  model,  this  is  controlled  by  adjusting 
rjH  ~  10.  If  rjH  <  1,  the  positive  charge  accumu¬ 
lation  never  rises  above  the  background  level;  the 
distribution  saturates  for  ?|h>5  and  is  quite  in¬ 
sensitive  to  the  assumed  value.  For  this  case,  rjH  is 
constant  with  time,  i.e.  there  is  an  unlimited  supply 
of  hydrogen  ions. 

At  13  s  from  the  application  of  the  voltage 
(Fig.  5(a)),  the  Na+  ions  have  moved  towards  the 
cathode  to  partially  form  the  depletion  region  and 
a  strong' anodic  field  has  been  established.  The  x- 


axis  is  normalized  to  the  single-carrier  depletion 
width  Eq.  (6).  After  40  s  (Fig.  5(b))  there  has  been 
some  H+  injection  at  the  anode  and  the  Na+-de- 
pletion  width  has  adjusted  to  maintain  the  overall 
voltage  drop  across  the  sample.  The  peak  electric 
field  has  moved  in  from  the  surface.  These  trends 
are  continued  for  longer  times  of  5  and  10  min 
(Fig.  5(c)  and  (d)):  H+  continues  to  be  pulled  in  by 
the  field  forming  a  double  layer  of  positive  and 
negative  charge,  but  at  a  decreasing  rate  because 
the  field  is  decreasing;  the  edge  of  the  Na+  deple¬ 
tion  region  moves  further  into  the  sample,  and  the 
width  of  the  depletion  region  decreases  as  more  of 
the  voltage  is  dropped  across  the  H+  accumulation 
region;  the  peak  of  the  electric  field  moves  into  the 
sample  and  decreases.  The  H+  density  decreases  to 
the  background  charge  density  (i.e.  one-for-one 
charge  exchange)  within  a  scale  comparable  to  the 
depletion  width.  As  long  as  this  depth  is  small 
compared  to  the  SH  coherence  length,  the  SH 
signal  (proportional  to  V2)  is  constant  once  the 
depletion  region  has  formed. 

In  the  simulation,  the  applied  voltage  is  re¬ 
versed  to  -5  kV  at  t— 10+  min.  After  a  capacitive 
charging  time  (ms),  a  field  of  -2  V/d  is  added  to  the 
field  shown  in  Fig.  5(d).  Fig.  5(e)  shows  the  charge 
and  field  distributions  10  s  later.  The  depletion 
width  has  decreased  as  the  Na  ions  move  in  re¬ 
sponse  to  the  reversed  field,  but  the  H+  ions  have 
not  yet  responded.  The  SH  signal  is  proportional 
to  the  square  of  the  voltage  drop  at  the  new 
cathode  which  is  almost  zero  for  this  charge  dis¬ 
tribution.  A  depletion  region  (not  shown)  is  also 
formed  at  the  other  end  of  the  sample,  the  new 
anode.  After  an  additional  16  s  (Fig.  5(f)),  the 
depletion  region  has  been  completely  eliminated 
and  the  remaining  field  is  due  to  the  H+  accumu¬ 
lation.  Because  there  is  still  a  voltage  drop,  there  is 
a  SH  signal.  At  longer  times,  the  excess  H+  con¬ 
centration  is  pushed  out  of  the  sample  and  the  SH 
signal  decays. 

The  calculated  evolution  of  the  SH  signal  cor¬ 
responding  to  the  charge  distributions  of  Fig.  5  is 
shown  as  the  curve  labeled  model  in  Fig.  3.  A 
steady-state  level  of  the  SH  is  established  after 
some  time  at  a  positive  bias  (as  in  Fig.  5(a)-(d)). 
Note  that  the  charges  are  still  redistributing  during 
this  time  but  that  there  is  no  effect  on  the  SH 
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signal.  On  voltage  reversal,  the  SH  signal  decreases 
rapidly  to  zero  and  then  recovers  on  the  time  scale 
of  the  Na+  motion.  The  signal  then  decreases  to 
zero  on  the  time  scale  of  the  H+  motion.  If  the 
sample  had  been  shorted  rather  than  biased  at  the 
opposite  polarity,  the  SH  signal  would  have 
smoothly  decreased  to  zero  on  the  short  time  scale 
even  though  an  inhomogeneous  charge  distribu¬ 
tion  remains.  Although  the  relative  level  of  the  SH 
after  field  reversal  is  less  than  observed,  the  model 
qualitatively  explains  the  observation  of  a  SH 
signal  at  the  new  cathode  after  field  reversal.  The 
evolution  of  the  signal  following  a  second  field 
reversal  is  discussed  below. 

We  must  also  extend  the  modeling  to  the  op¬ 
posite  electrode  to  get  a  complete  analysis  of  the 
charge  distributions.  Experimentally  we  observe 
either  a  slow  (approximately  20  min)  growth  in  the 
SH  starting  immediately  after  the  voltage  reversal 
(Fig.  3)  or,  under  other  poling  histories,  an  incu¬ 
bation  period  followed  by  the  slow  growth  (Figs.  2 
and  4).  These  observations  force  the  final  two  as¬ 
sumptions:  that  the  Na+  ions  are  blocked  once 
they  have  moved  up  to  the  H+  front  and  the  de¬ 
pletion  region  is  eliminated  (Fig.  5(f));  and  that  the 
Na+  and  H+  intermix  in  the  vicinity  of  the  front 
between  them  to  form  a  region  with  an  interme¬ 
diate  mobility  pM.  This  assumption  is  forced  by 
fitting  to  the  observed  incubation  period  before 
formation  of  the  non-linearity  under  certain  poling 
sequences  (Fig.  4).  Abou  el  Leil  and  Cooper 
showed  that  this  intermixing  occurs  upon  field 
reversal  [22].  Because  our  computation  neglects 
diffusion,  we  can  only  approximate  this  mixing  as 
a  region  with  an  effective  mixed  mobility.  The 
mixed  mobility  falls  in-between  the  mobilities  for 
sodium  and  hydrogenated  ions  alone.  Fitting  the 
rise  in  SH  signal  shown  in  Fig.  4,  gives  a  mixed 
mobility  of  approximately  2  x  10”l°  cm2  V-1  s'1, 
25  times  less  than  the  sodium  mobility. 

After  several  field  reversal  cycles,  these  as¬ 
sumptions  lead  to  an  inhomogeneous  starting 
distribution  with  H+  ions  at  both  sides  of  the 
sample,  a  mixed  ionic  zone  at  both  ends  and  finally 
a  Na+  zone  extending  over  the  bulk  of  the  sample. 
If  the  prior  poling  left  an  excess  region  of  H+  ions 
on  the  initial  anode  (new  cathode  after  field  re¬ 
versal)  there  is  an  incubation  period  with  a  time 


scale  set  by  pH  VI  w  (the  depletion  width)  while  the 
excess  H+  ion  density  is  pushed  out  of  the  sample. 
Following  removal  of  the  excess  H+,  a  depletion 
region  forms  under  the  opposite  electrode  at  a  time 
scale  of  pM  VI L  where  pM  is  the  mixed  mobility  and 
the  applied  voltage  is  dropped  across  the  bulk  of 
the  sample  of  thickness  L.  If  there  is  no  excess  H+ 
ion  density  (as  in  Fig.  3  where  the  excess  density 
was  pushed  out  of  the  sample  during  the  negative 
bias  cycle  and  has  not  yet  accumulated  on  the 
opposite  side)  the  non-linearity  begins  to  grow 
immediately  on  applying  the  reverse  voltage. 

4.6.  Model  results:  limited  supply  of  hydrogen  ions 

If  hydrogen  blocking  electrodes  are  used,  prior 
surface  hydration,  will  act  as  a  limited  supply  of 
H+.  To  illustrate  this  condition,  Fig.  6  shows  the 
time  evolution  of  the  electric  field  and  space  charge 
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Fig.  6.  Evolution  of  electric  field  and  total  charge  density  under 
a  limited  supply  of  H+  ions  for  a  sample  width  of  180  pm  and 
PNa  =  10-n  cm2  V”1  s-1  and  pH  =  10“2  pNa-  At  r  =  90  s,  the 
supply  of  hydrogenated  ions  at  the  anode  surface  was  set  to 
zero. 
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for  a  180  pm  thick  sample.  In  this  case  a  sodium 
mobility  of  10" 11  cm2  V"1  s"1  was  used  in  order  to 
simulate  experimental  observations.  A  H+  mobil¬ 
ity  of  10"2  pNa  was  also  used,  a  smaller  mobility 
would  be  equally  valid  to  illustrate  the  physics.  As 
the  depletion  region  forms,  H+  is  pulled  into  the 
sample.  In  this  case  we  see  the  positive  charge 
buildup  as  before,  but  on  a  shorter  time  scale  due 
to  the  thin  sample  and  resultant  larger  initial 
electric  field  ( Vld ).  At  90  s,  the  supply  of  H+  runs 
out  (rjn  ->  0)  leaving  a  pulse  of  slow  positive 
charge  moving  into  the  sample.  A  negatively 
charged  depletion  region  once  again  forms  at  the 
anodic  surface  resulting  in  a  triple  (negative-pos¬ 
itive-negative)  charge  layer,  with  an  electric  field 
peak  at  the  anodic  surface  and  another  deeper  into 
the  sample.  This  might  explain  the  alternating 
polarity  regions  of  charge  measured  with  the  LIPP 
technique  [17]. 

4. 7.  Microscopic  mechanism 

There  remains  uncertainty  as  to  the  mechanism 
for  the  non-linearity  (cf.  Eqs.  (1)  and  (2)).  Our 
model  does  not  address  the  microscopic  mecha¬ 
nisms  other  than  to  assume  a  linear  dependence 
of  %(2)  on  the  local  electric  field.  We  briefly  in¬ 
vestigated  setting  the  non-linearity  proportional 
to  the  product  of  the  hydrogen  density  and  the 
local  field  nHEdc  where  nH  is  the  hydrogen  ion 
density.  This  might  be  the  case  if  the  non-linearity 
required  hydrogen  ions  for  dipole  orientation. 
This  leads  to  a  higher  relative  SH  signal  level 
under  the  new  cathode  on  field  reversal  (Fig.  3) 
closer  to  the  experimental  observation  than  was 
found  with  the  simple  %{2)  oc  x(3)£dc  model.  How¬ 
ever,  the  result  is  insufficient  to  draw  any  firm 
conclusions.  Qualitatively,  oc  suffices  to 

understand  the  dynamic  behavior  of  thermal 
poling. 


5.  Conclusion 

Dynamic  second-harmonic  generation  experi¬ 
ments  show  features  that  are  incompatible  with  the 
simple  single  ionic  species  model  often  used  to 
explain  poled  fused  silica  second-harmonic  signal. 


Other  measurements  have  shown  a  complex  spa¬ 
tial  distribution  of  non-linearity  under  the  anode 
that  is  incompatible  with  the  single  mobile  species 
model.  These  features  are  qualitatively  explained 
with  a  model  incorporating  two  mobile  ionic  spe¬ 
cies  with  drastically  different  mobilities  (~104:1). 
The  very  high  fields  in  the  anodic  depletion  region 
break  the  macroscopic  centrosymmetry  (enabling 
the  non-linearity)  and  lead  to  ion  exchange  be¬ 
tween  the  fast  and  slow  species  which  results  in 
continuing  changes  in  the  charge,  field  and  non¬ 
linearity  distributions. 
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Strong,  permanent  surface-relief  and  refractive  index  gratings  are  written  in  lead-silicate  glasses  by 
irradiation  with  the  output  of  a  pulsed  KrF  excimer  laser  (248  nm)  through  a  phase  mask. 
Diffraction  efficiencies  as  high  as  10%  are  obtained.  The  diffraction  efficiency  of  the  refractive 
index  grating  after  removal  of  the  surface-relief  grating  shows  that  a  very  large  photoinduced 
refractive  index  change  (An0=0.09±0.02)  is  obtained.  ©  1999  American  Institute  of  Physics. 
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Photosensitivity,  the  long-term  change  of  a  glass  refrac¬ 
tive  index  following  optical  irradiation,  has  found  applica¬ 
tion  in  telecommunications1  and  data  storage.2  The  prepon¬ 
derance  of  the  investigations  in  optical  fiber  have  been 
devoted  to  germanosilicate  glasses  with  An,  the  index  dif¬ 
ference  between  irradiated  and  nonirradiated  material,  satu¬ 
rating  at  about  0.01  for  hydrogen-loaded  fibers  with  limited 
stability  at  elevated  temperatures.1  For  data  storage,  crystal¬ 
line  phase  change  materials  have  been  explored  because  of 
■^l^lie  large  index  changes  available.  However,  these  materials 
f  l^re  not  useful  for  fiber  applications.  Glasses  with  higher  pho¬ 
tosensitivity  are  desirable  for  improved  performance  in  both 
fiber  and  volume  storage  applications. 

Lead-silicate  glass  has  a  very  large  third-order  optical 
nonlinearity.  The  third-order  nonlinear  refractive  index  for 
Schott  lead  silicate  glass  SF59  is  n2  =  5  X  10_19m2/W, 
(^(3)_£ 2x  10“21  m2/V2)  which  is  about  30  times  that  of 
pure  silica  glass  (*(3)=2.0X  10“22m2/V2).3  Recently  a  large 
second-order  optical  nonlinearity  (^(2)«*7  pm/V)  induced  by 
thermal  poling  and  electron  beam  scanning  was  reported4,5  in 
these  materials.  These  large  nonlinearities  led  us  to  speculate 
on  the  photosensitivity  of  lead-silicate  glasses. 

We  report  here  the  observation  of  a  large  photosensitiv¬ 
ity  for  lead-silicate  glass.  Permanent  gratings  were  formed 
in  lead-silicate  glass  with  ultraviolet  (UV)  exposure  at  248 
nm  using  a  KrF  excimer  laser  beam.  A  large  index  change 
(An0=0.09±0.02)  was  obtained  which,  to  our  knowledge, 
is  the  highest  value  reported  for  any  glass.  This  induced  re¬ 
fractive  index  change  appears  permanent  and  showed  no  de¬ 
cay  upon  heating  to  360  °C  for  a  1  h  duration. 

Various  lead-content  silicate  glasses  were  investigated 
with  lead  compositions  varying  from  40%  to  71%.  ZF7 
lead-silicate  glass  (PbO-70.93  wt%,  Si02-27.27  wt%, 
Na2O-0.6wt %,  K2O-1.0wt%,  As2O3-0.3  wt %)  has  the 
highest  lead  composition  we  investigated.  The  optical  trans¬ 
mission  is  similar  to  the  SF  glass  series  from  Schott  Glass 
Co.  with  a  UV  cutoff  around  350  nm.  All  of  the  lead  glasses 
investigated:  F2,  SF11,  SF6,  and  ZF7  are  photosensitive  at 
248  nm.  Detailed  studies  are  presented  only  for  ZF7  glass. 
This  glass  is  photosensitive  across  a  wide  spectral  region 
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range  including  193  nm  (ArF  laser),  248  nm  (KrF  laser),  266 
nm  (fourth  harmonic  of  ^-switched  YAG  laser).  No  photo¬ 
sensitivity  was  observed  for  irradiation  at  355  nm  (third  har¬ 
monic  of  C-s witched  YAG  laser),  very  close  to  the  optical 
absorption  edge. 

The  same  silica  phase  mask  (period  of  738  nm)  was  used 
for  grating  formation  at  all  wavelengths,  resulting  in  varying 
contrast  between  the  fundamental  and  second  spatial  har¬ 
monic  grating  exposures.  For  normal  incidence  KrF  laser 
illumination,  the  measured  phase  mask  power  transmission 
was  12.5%  for  the  zero  order,  37.5%  for  the  ±1  orders  and 
6.25%  for  ±2  orders.  The  glass  sample  was  placed  in  physi¬ 
cal  contact  with  the  surface  of  die  silica  phase  mask.  The 
incident  pulse  energy  density  was  132  mJ/cm2  per  pulse  with 
a  repetition  rate  of  10  Hz. 

After  a  few  minutes  of  UV  laser  irradiation,  a  strong 
grating  was  observed  in  the  glass  sample.  The  strength  of  the 
grating,  monitored  by  first-order  diffraction  of  a  HeNe  laser 
beam,  initially  increased  with  exposure  time  and  saturated 
for  exposure  times  of  — 10  min.  Figure  1  is  a  scanning  elec¬ 
tron  micrograph  (SEM)  showing  the  induced  surface  relief 
grating  on  the  lead  silica  glass  after  10  min.  irradiation.  In 
Fig.  1(a),  a  grating  with  a  period  d=738  nm  is  clearly  seen. 
In  Fig.  1(b),  corresponding  to  a  different  location  on  the 
same  grating,  the  frequency-doubled  period  d! 2  is  evident. 
This  differs  from  observations  of  grating  formation  in  As2S3 
glass  where  the  grating  is  mainly  due  to  photoexpansion  and 
the  response  drops  off  dramatically  for  short  period 
gratings.6  Atomic  force  microscope  (AFM)  images  of  the 
ZF7  surface  show  similar  results.  The  height  of  the  surface 
relief  grating  is  approximately  70  nm.  The  inhomogeneity  of 
the  grating  is  most  likely  due  to  optical  effects  related  to  the 
finite  spatial  and  temporal  coherence  of  the  KrF  laser  source7 
coupled  with  the  multiple  scattered  orders  from  our  phase 
mask  and  the  varying  contact  distances. 

A  HeNe  laser  beam  was  used  to  measure  the  diffraction 
efficiency  of  the  grating.  Diffraction  is  observed  at  angles 
corresponding  to  the  fundamental  grating  (probing  only  the 
variation  at  period  d)  and  at  the  second-order  angle  (involv¬ 
ing  interference  between  the  second-order  diffraction  from 
the  period  d  grating  and  the  first-order  diffraction  from  the 
period  dfl  grating).  The  diffraction  efficiencies  were  10.8% 
(first-order  angle)  and  4.1%  (second-order  angle)  for  a 
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FIG.  1.  Scanning  electron  micrograph  of  surface  relief  gratings  in  two  por¬ 
tions  of  a  ZF7  sample  after  248  nm  irradiation  through  a  738  nm  phase 
mask:  (a)  with  period  of  738  nm;  (b)  with  double  period  of  369  nm. 


j-polarized  HeNe  beam  at  an  incident  angle  (external)  of 
0ext=6O°.  For  the  measured  70  nm  height  h  of  the  surface 
relief  grating  and  the  refractive  index  difference  between  the 
glass  and  air  An  =  0.8,  we  calculate  a  diffraction  efficiency 
of  7]—  10.03%  using  the  formula  y^=(irhAnl\  cos  0)2,  very 
close  to  the  measured  value  of  10.8%,  suggesting  that  the 
surface  relief  grating  is  responsible  for  the  majority  of  the 
diffracted  signal.  To  confirm  this  hypothesis,  we  placed  a 
drop  of  index  matching  fluid  («~1.8)  atop  the  grating  and 
pressed  another  ZF7  glass  plate  to  the  grating  surface;  the 
diffraction  efficiency  was  reduced  to  —0.8%. 

We  then  polished  the  grating  surface  in  steps  to  remove 
the  surface  relief  grating  and  observe  the  diffracted  light 
from  the  induced  index  grating.  An  additional  surface-relief 
grating  with  a  large  100  /zm  period  and  1900  nm  depth  was 
made  in  the  neighborhood  of  photoinduced  grating  by  stan¬ 
dard  lithography  and  etching.  The  depth  of  the  physical  grat¬ 
ing  was  measured  with  a  stylus  profilometer  before  any  pol¬ 
ishing  and  after  the  final  polishing  step.  A  linear  dependence 
of  the  polish  depth  versus  polish  time  was  assumed,  giving  a 
polish  depth  of  —  25  nm  for  each  step.  The  diffraction  effi¬ 
ciencies  of  the  grating  are  monitored  after  each  polish  step  as 
shown  in  Fig.  2  for  the  same  grating  shown  in  Fig.  1.  The 
diffraction  efficiency  drops  sharply  from  10.8%  down  to 
0.4%  as  the  top  75  nm  surface  layer  is  polished  away,  cor¬ 
responding  to  removal  of  the  surface-relief  grating.  The  ef¬ 
ficiency  of  both  first-order  and  second-order  diffraction  sig¬ 
nals  are  comparable  over  the  depth  range  from  75  to  300  nm, 
suggesting  that  gratings  with  periods  of  both  d  and  dll  were 
induced  in  the  glass  with  comparable  intensities. 

We  assume  that  the  modulation  of  the  refractive  index 
decreases  exponentially  with  depth  (attenuation  coefficient 
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FIG.  2.  Depth  profile  of  the  diffraction  efficiency  for  UV  laser  induced 
grating  on  lead-silicate  glass.  The  diffraction  efficiency  drops  sharply  as  the 
surface  relief  grating  when  —70  nm  height  is  removed.  The  measured  (solid 
circles  for  first  order  and  open  circles  for  second  order)  and  modeled  [Eq. 
(1)]  diffraction  efficiency  indicate  a  peak  refractive  index  modulation  An0 
=  0.09 ±0.02  with  an  exponential  decay  length  of  125  nm  resulting  from  the 
strong  absorption  at  the  248  nm  writing  wavelength. 


auv)  because  of  the  UV  absorption  of  the  glass,  that  is 
An(z)  =  An0e~a]JvZ,  where  A n0  is  the  index  modulation  at 
the  surface  of  the  sample.  Following  a  previously  developed 
theory,8  the  refractive  index  change  Ahq  can  be  evaluated 
using  the  diffraction  efficiency  formula  for  an  unslanted  grat¬ 
ing  with  ^-polarized  incident  light: 


V~ 


'jrAn0  \2  „ 

-  e2aUVh 
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where  y  is  the  diffraction  efficiency,  h  is  the  cumulative 
polish  depth,  X  is  the  wavelength  of  the  diffracted  light,  and 
6  is  the  incident  angle  in  the  medium. 

Using  Eq.  (1)  to  fit  the  data  in  Fig.  2,  we  obtain  An0 
“  0.09 ±  0.02  and  auv=  1/125  nm-1.  The  shallowness  of  the 
induced  grating  is  mainly  caused  by  the  large  ZF7  absorption 
coefficient  at  the  248  nm  KrF  excimer  laser  wavelength.  If 
we  use  a  source  with  wavelength  between  300  and  350  nm  to 
write  a  grating  in  the  lead  silicate  glass,  a  much  larger  pen¬ 
etration  length  should  be  obtained  since  a  lower  absorption 
coefficient  is  expected  for  these  wavelengths.  Diffraction  ef¬ 
ficiency  as  high  as  90%  might  be  obtained  if  the  thickness  of 
a  uniform  index  grating  could  be  extended  to  4.2  /zm  assum¬ 
ing  the  same  refractive  index  change  of  An0  =  0.09. 

Finally  the  thermal  stability  of  the  photoinduced  index 
change  was  examined.  The  photoinduced  diffraction  grating, 
after  polishing  away  the  surface  relief  structures,  was  heated 
to  temperatures  of  100,  200,  250,  and  360  °C  for  1  h  dura¬ 
tions.  After  each  heat  treatment  the  grating  diffraction  effi¬ 
ciency  was  measured  at  room  temperature.  No  decay  of  the 
diffraction  efficiency  was  observed  over  this  temperature 
range. 

This  large  photoinduced  index  change  may  be  due  to 
glass  structure  changes  or  to  color  center  formation.  It  has 
been  reported9  that  color  centers  were  formed  in  a  lead- 
silica  glass  through  two-photon  absorption  of  a  pulsed 
doubled  YAG  laser  (532  nm).  No  photosensitivity  was  ob¬ 
served  in  these  bulk  glasses  for  irradiation  at  532  nm  at  in¬ 
tensities  up  to  the  threshold  for  surface  damage.  More  work 
is  need  to  understand  the  microscopic  physics  and  investi- 
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gate  the  relationships  between  photoinduced  refractive  index 
changes  and  the  composition  of  lead  glasses. 

In  summary,  a  high  diffraction  efficiency  grating  (10%) 
was  induced  in  lead-silica  glass  by  irradiation  with  a  pulsed, 
248  nm  KrF  excimer  laser  through  a  silica  phase  mask.  The 
primary  scattering  mechanism  was  surface  relief.  By  moni¬ 
toring  the  diffraction  efficiency  as  the  surface  was  polished 
down,  a  photoinduced  refractive  index  change  An  as  high  as 
0.09  extending  — 125  nm  into  the  glass  was  deduced. 

The  authors  thank  Monica  L.  Minden  of  HRL  Laborato¬ 
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cussions  of  photosensitivity,  and  Carlos  Ozuna,  Andrew 
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A  large  photoinduced  refractive-index  change  (as  great  as  An  -  0.21  ±  0.04)  is  obtained  in  lead  silicate 
by  irradiation  with  the  frequency-quadrupled  output  of  a  Q -switched  YAG  laser  (266  nm).  An  approximately 
exponential  relationship  is  found  between  the  photoinduced  refractive-index  change  and  the  lead  cation  mole 
fraction  over  the  composition  range  from  18.7%  to  57%.  The  induced  refractive-index  change  is  permanent 
and  shows  no  decay  after  heating  to  360  "C  during  1  h.  Dispersion  of  the  refractive-index  change  suggests 
that  the  photosensitivity  is  associated  with  changes  in  the  intrinsic  glass  absorption  edge.  ©  1999  Optical 
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Recently  we  reported  the  observation  of  large  pho¬ 
tosensitivity  for  lead  silicate  glass.1  Permanent 
gratings  were  formed  with  UV  exposure  at  248  nm 
with  a  KrF  excimer  laser  beam.  A  large  index  change 
(An  =  0.09  ±  0.02)  was  obtained  in  ZF7  lead  silicate 
glass  (40-mol.  %  PbO).  This  large  photosensitivity 
may  find  application  in  telecommunications2  and 
data  storage.3  For  fiber  grating  application,  a  few 
mole  percent  of  PbO  can  be  doped  into  glasses  to 
enhance  the  photosensitivity  of  silica  glass  fibers. 
Currently,  a  hydrogen-loading  technology  is  used  to 
enhance  the  photosensitivity  in  germanosilicate  fibers. 
The  index  difference  A  n  between  irradiated  and 
nonirradiated  material  saturates  at  —0.01  for 
hydrogen-loaded  fibers  with  limited  stability  at  ele¬ 
vated  temperatures.2  For  some  fiber  applications, 
such  as  fiber  filters  and  fiber  dispersion  compen¬ 
sators,4  strorger  photosensitivity  would  be  desirable. 
For  volume  optical  holographic  data  storage,  inex¬ 
pensive  materials  with  high  optical  quality,  high 
photosensitivity,  large  refractive-index  change,  and 
long  shelf  life  are  still  necessary.  Also,  large  photo¬ 
sensitivity  in  silica-based  glass  would  make  it  possible 
to  fabricate  planar  light-wave  circuit  devices  by  direct 
UV  writing. 

We  report  here Ji  detailed  investigation  of  the  depen¬ 
dence  of  the  phowKp^iiced  refractive-index  change  on 
the  composition  of  .'Mad  silicate  glasses.  The  heavy- 
metal  cation  lead  contributes  to  the  large  photosensi¬ 
tivity.  An  exponential  relationship  is  found  between 
the  photoinduced  refractive-index  change  and  the  lead 
concentration  over  the  range  from  19  to  57  mol.%. 
The  largest  index  char  ge  (An  =  0.21  ±  0.04  at  633  nm) 
was  obtained  in  SF59  glass  by  irradiation  with  a 
266-nm  laser  source  at  a  fluence  of  25  mJ/cm2  per 
pulse  (10  ns,  10  Hz,  10  min)  and  a  total  dose  of 
150  J/cm2.  The  induced  refractive-index  change  is 
permanent  and  does  not  exhibit  any  decay  after 
heating  to  360  eC  for  more  than  1  h.  The  dispersion  of 
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the  photoinduced  index  is  consistent  with  a  change  in 
the  absorption  near  the  fundamental  absorption  edge 
of  the  glass.  Extrapolating  to  telecommunications 
wavelengths,  the  index  change  is  An  -  0.16. 

We  chose  to  use  lead  silicate  glasses  ZF7  and  the 
Schott  glass  series  F2,  SF2,  SFll,  SF6,  and  SF59  with 
which  to  study  the  dependence  of  the  photoinduced 
refractive-index  change  on  the  lead  composition.  The 
lead  oxide  content  varies  from  18.7  to  57  mol.%. 
The  detailed  materials  compositions  of  the  glasses 
are  listed  in  Table  1.  The  optical  absorption  edge 
varies  with  the  lead  content  of  the  glass.  The  optical 
bandgap  is  2.71  eV  for  80-mol.  %  PbO  glass,  increasing 
to  3.38  eV  for  50-mol.  %  PbO  silicate  glass.6 

The  irradiation  source  was  the  frequency- 
quadrupled  output  of  a  Q  -switched  YAG  laser  (-10  ns, 
10-Hz  repetition  rate)  at  266  nm.  A  silica  phase  mask 
(738-nm  period)  optimized  for  a  248-nm  excimer  laser 
was  used.  A  strong  zero-order  beam  was  observed 
for  266-nm  illumination.  The  zero-order  light  was 
eliminated  with  a  45°  silica  prism  (Fig.  1),  which 
also  changed  the  incident  angles rto  5.7°,  yielding  an 
— 1.3-/im-period  grating.  Anotheii  advantage  of  using 
this  arrangement  was  that  the  gniss  samples  were  kept 
far  from  any  optical  surfaces,  elimina  ting  any  potential 
contamination  from  glass  nho.torr| j lation .  The  high 
spatial  and  temporal  coherence  o!f  the  YAG  laser  is 
essential  in  this  configuration.  The  laser  energy  was 
— 6-mJ/pulse  over  an  area  of  0.4  cm  X  0.6  cm,  yielding 
an  incident  energy  density  of  25  m J /cm2  per  pulse. 

All  tiie  polished  glass  samples  were  irritated  under 
the  same  conditions  for  this  composition  comparison 
study,  i.e.,  25  mJ/cm2  per  pulse  fluence  for  10  min 
with  a  10-Hz  repetition  rate.  We  used  a  He— Ne 
laser  beam  to  measure  the  diffraction  efficiency  of 
the  grating  following  irradiation.  Both  surface-relief 
and  refractive-index  gratings  were  observed  for  all 
the  glasses  studied.  The  highest  diffraction  efficiency 
(20%)  was  obtained  for  the  highest  lead  content  (SF59, 
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Table  1.  Composition  of  Lead  Silicate  Glasses  in  moL%  and  (wt.%) 


Glass 

PbO 

Si02 

Na20 

k2o 

AI2O3 

Ti02 

As203 

F2 

18.7(45.1) 

70.7(45.7) 

5.4(3.6) 

4.9(5.0) 

_ 

0.3 

SF2 

22.9(50.8) 

68.5(40.9) 

0.8(0.5) 

7.3(6.8) 

- 

— 

0.5(1) 

SFll 

33.2(63.3) 

56.9(29.2) 

0.9(0.5) 

2.9(2.5) 

5. 8(4.0) 

0.3(0.5) 

ZF7 

40  (70.9) 

57.2(27.3) 

1 .2(0.6) 

1.3Q.0) 

- 

- 

0.2(0.3) 

SF6 

40.4(71.3) 

56.7(26.9) 

2.0Q.0) 

— 

0.6(0.5) 

— 

0.2(0.3) 

SF59 

57  (83) 

40  (17) 

- 

- 

- 

- 

- 

Silica 

Phase  mask  Glass  Sample 


Silica  Prism 


Fig.  1.  Experimental  arrangement  for  writing  gratings 
in  lead  silicate  glasses.  The  source  is  a  266-nm,  fourth- 
harmonic  Q -switched  YAG  laser.  The  silica  phase  mask 
with  period  of  738  nm  is  designed  for  248  nm.  The 
silica  prism  is  used  to  completely  reject  the  zero-oMer 
transmitted  light  as  well  as  to  separate  the  glass  sauries 
from  the  phase  mask.  y 

57mol.%)  glass.  This  high  diffraction  efficiency 
arises  primarily  from  the  ~100-nm-deep  surface  relief 
grating.  In  contrast,  only  a  weak  diffraction  signal 
was  observed  for  F2  glass,  which  has  the  lowest  lead 
content  (18.7  mol.  %).  To  extract  the  photoinduced 
refractive-index  change  we  incrementally  polished 
away  both  the  surface-relief  grating  and  the  under¬ 
lying  index  grating  and  monitored  the  diffraction 
efficiency  77  after  each  polish  step.  The  details  of  the 
technique  are  described  in  our  previous  Letter.1  As 
an  example,  the  diffraction  efficiency  77  versus  the 
polish  depth  for  SF59  and  F2  glasses  is  shown  in 
Fig.  2.  For  SF59  the  photoinduced  grating  provided 
a  relatively  high  diffraction  efficiency  (77  —  1%)  once 
the  ~100-nm  surface-relief  grating  was  removed. 
For  F2  a  shallow  surface-relief  grating  with  height 
of  20  nm  diffracted  only  ~-0.2%  of  the  incident  light. 
We  assume  that  the  modulation  of  the  refractive 
index  decreases  exponentially  with  depth  (attenuation 
coefficient  auv)  because  of  the  UV  absorption  of  the 
glass,  that  is,  A n(z)  =  An  exp(-auv£),  where  An  is  the 
index  modulation  at  the  surface  of  sample.  Following 
a  previously  developed  theory,6  the  refractive-index 
change  An  can  be  evaluated  by  use  of  the  diffraction 
efficiency  formula  for  a  vertical,  unslanted  grating 
with  s-polarized  incident  light: 


Ha U) 

where  77  is  the  diffraction  efficiency,  h  is  the  cumula¬ 
tive  polish  depth,  A  is  the  wavelength  of  the  diffracted 
light,  and  6  is  the  incident  angle  in  the  medium.  Us¬ 
ing  Eq.  (1)  to  fit  our  measured  data,  we  found  photoin¬ 
duced  index  changes  An  of  0.21  and  0.007  for  glasses 
SF59  and  F2,  respectively.  The  photoinduced  index 
changes  An  and  absorption  auv  obtained  for  all  the 
measured  glasses  are  listed  in  Table  2. 

The  photoinduced  refractive-index  change  An  and 
the  UV  absorption  length  auv  are  plotted  in  Fig.  3 
against  the  lead  cation  mole  percent.  The  photoin¬ 
duced  index  change  refers  to  the  left-hand  (logarith¬ 
mic)  scale;  the  absorption  length  is  on  the  right-hand 
(linear)  scale.  Both  parameters  are  well  correlated 
to  the  PbO  mole  percent.  The  index  change  is  ex¬ 
ponential  in  Pb  content;  the  absorption  length  is 


Fig.  2.  Depth  profile  of  the  diffraction  efficiency  for  a  UV- 
laser-induced  grating  on  lead  silicate  glass  SF59  (F2).  The 
diffraction  efficiency  drops  sharply  as  the  surface-relief 
grating  with  ~100-nm  (~20-nm)  depth  is  removed.  The 
measured  and  modeled  [by  Eq.  (1)]  diffraction  efficiencies, 
indicated  by  filled  circles  and  solid  curves,  respectively, 
indicate  peak  refractive-index  modulation  of  An  =  0.21  ± 
0.04  (An  =  0.007  ±  0.002)  with  an  exponential  decay  length 
of  118  nm  (303  nm)  that  results  from  the  strong  absorption 
at  the  266-nm  writing  wavelength. 


Table  2.  Fitting  Parameters  for  the  Photosensitive  Index  Grating  Parameters  An  and  auv  for  Various  Lead 

Silicate  Glasses 


Parameter 

SF59 

ZF7 

SF6 

SFll 

SF2 

F2 

An 

1/ auv  (nm) 

0.21 

118 

0.056 

140 

0.053 

157 

0.033 

200 

0.019 

277 

0.007 

303 
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Fig.  3.  Photoinduced  refractive-index  changes  versus 
heavy-metal  lead  cation  in  mole  percent  (filled  circles) 
and  exponential  fit  (solid  lines).  Open  circle,  from  Ref.  7 
for  glass  55GeO2-20PbO-10BaO-10ZnO-5K2O  (mol.%); 
filled  square,  from  Ref.  8  for  glass  47SnF2~47P02.5“ 
4Pb0“2SnCl2  (mol.%). 


Fig.  4.  Dispersion  of  An  for  the  lead  silicate  glass  SF59. 
The  index  change  values  were  normalized  to  the  value 
at  633  nm.  Solid  curve,  a  fit  to  a  simple  Sellmeier 
dependence  with  a  characteristic  wavelength  of  353  nm. 

linear  in  Pb  content.  Two  recent  reports  of  photo¬ 
sensitivity  in  PbO  related  glasses  are  also  plotted 
in  Fig.  3.  In  one  report,  a  photoinduced  refractive- 
index  change  An  as  great  as  0.01  was  obtained  for 
the  55GeO2-20PbO-10BaO-10ZnO-5K2O  (mol.%) 
glass  film  system  deposited  by  excimer  laser  abla¬ 
tion.7  This  photoinduced  refractive-index  change 
An  versus  lead  mole  percent  fits  well  with  our  data, 
as  shown  in  Fig.  3  by  the  open  circle.  The  other 
reported  saturated  photoinduced  refractive-index 
change  An  —  0.001  is  obtained  after  irradiation  with 
a  pulsed  XeCl  excimer  laser  (309  nm)  in  47SnF2- 
47P02.5-4Pb0-2SnCl2  (mol.%).8  The  sample  was 
capped  by  Si02  plates  during  exposure  to  eliminate 
formation  of  a  surface-relief  grating.  This  data  point 
is  lower  than  would  be  obtained  by  extrapolation  of  the 
Pb  concentration  dependence  that  we  observe  (filled 
square  in  Fig.  3).  For  high  Pb  mole  percent  com¬ 
positions,  the  photoinduced  refractive-index  change 
must  saturate.  An  exponential  dependence  of  the 
third-order  nonlinear  susceptibility  on  Pb  mole 
fraction  was  reported  previously.9 

We  used  several  lasers  with  various  wavelengths  to 
measure  the  dispersion  of  the  photoinduced  refractive- 
index  change  An  in  SF59  glass.  The  laser  wave¬ 
lengths  were  488  and  514  nm  from  an  Ar+  laser; 
596.3.  632.8.  and  1150  nm  from  He-Ne  lasers:  and 


883.5  and  918.3  nm  from  a  tunable  TTsapphire  laser. 
The  refractive-index  changes  at  various  wavelengths 
normalized  to  that  at  633  nm  are  shown  in  Fig.  4. 
The  solid  curve  is  a  fit  to  a  simple  Sellmeier  curve, 
An  —  A/Va2  -  To  ,  with  Ao  —  353  nm  close  to  the  band- 
edge  value  of  -370  nm,  suggesting  that  the  photosen¬ 
sitivity  is  associated  with  local  modifications  to  the 
glass  structure  rather  than  with  impurity  levels.  At 
telecommunications  wavelengths  of  1.3  and  1.55  ^im, 
the  An  is  —0.8  of  that  at  633  nm  with  little  dispersion, 
because  these  wavelengths  are  far  removed  from  the 
absorption  band  edge  of  the  glass. 

Finally,  the  thermal  stability  of  the  photoinduced  in¬ 
dex  change  was  examined.  The  photoinduced  diffrac¬ 
tion  gratings,  after  the  surface-relief  structures  were 
polished  away,  were  heated  to  temperatures  of  100, 
200, 250,  and  360  °C  for  1-h  intervals.  After  each  heat 
treatment  the  grating  diffraction  efficiency  was  mea¬ 
sured  at  room  temperature.  No  decay  of  the  diffrac¬ 
tion  efficiency  was  observed,  even  at  360  °C. 

In  summary,  the  photoinduced  refractive-index 
change  in  lead  silicate  glass  is  strongly  correlated 
with  the  PbO  composition,  of  the  glass.  There  is  an 
exponential  relationship  between  the  photoinduced 
refractive-index  change  and  the  lead  concentration, 
in  mole  percent  of  PbO,  over  the  range  from  18.7  to 
57  mol.  %.  A  large  index  change,  as  great  as  0.21  at 
633  nm  extrapolated  to  0.17  at  1550  nm,  is  observed 
in  SF59  glass.  The  dispersion  is  consistent  with  a 
modification  of  the  glass  structure.  The  index  change 
is  permanent  and  shows  no  decay  when  the  glass 
is  heated  to  temperatures  as  high  as  360  °C  for  1  h. 
These  large,  thermally  stable  photosensitivities  are 
attractive  for  applications  in  telecommunications, 
integrated  optics,  and  data  storage. 
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Applying  a  dc  electric  field  across  a  fused  silica  sample  at  elevated  temperatures  followed  by 
cooling  the  sample  with  the  field  applied  (thermal  poling)  leads  to  a  second-order  nonlinearity  that 
has  been  linked  to  the  formation  of  a  space-charge  region  in  bulk  glass.  The  first  microscopic 
information  on  the  extent  of  the  space-charge  region  and  its  behavior  with  poling  time  is  reported 
using  secondary  ion  mass  spectrometry  to  monitor  the  distribution  of  charged  impurities.  Lithium 
and  sodium  ions  are  observed  to  form  depletion  regions.  Potassium  and  sodium  ions  as  well  as  a 
hydrogenated  species  appear  to  be  injected  from  the  surface.  The  extent  of  the  space-charge  region 
evolves  approximately  logarithmically  with  poling  time  well  after  the  nonlinearity  as  measured  by 
second-harmonic  generation  has  been  established.  The  evolution  of  the  space  charge  region  can  be 
qualitatively  understood  by  an  ion-exchange  model  that  allows  interaction  of  two  ionic  carriers  with 
vastly  different  mobilities.  ©  1999  American  Institute  of  Physics.  [S002 1-8979(99)02524-4] 


L  INTRODUCTION 

Thermal  poling  to  create  a  second-order  nonlinearity 
1  pm/V)  has  been  reported  in  bulk  fused  silica,1  in 
silica  waveguides,2  and  germanosilicate  optical  fibers.3  This 
poling  technique  has  been  used  to  produce  electro-optically 
active  fibers,3  as  well  as  quasi-phase-matched  frequency¬ 
doubling  fibers.4  Various  groups  have  investigated  the  extent 
and  distribution  of  this  nonlinear  region  using  second- 
harmonic  Maker  fringe  techniques,1,5  laser  scanning/second- 
harmonic  generation  (SHG)  transverse  to  the  sample’s  poling 
direction,6  laser  induced  pressure  pulse  probe,7  and  etching 
techniques.8,9  These  investigations  indicate  that  the  nonlinear 
region  extends  to  5-15  /zm  with  a  peak  buried  below  the 
anode  surface.  Recently,  we  reported  results  of  an  etching 
technique  which  allowed  the  spatially  resolved  visualization 
of  the  space  charge  region  by  etching  samples  transverse  to 
the  poling  direction,  revealing  structural  details.10  HF  acid 
was  used  to  etch  perpendicular  to  the  sample  cross  section 
cleaved  after  poling,  revealing  different  etch  rate  regions. 
One  feature,  a  ridge  reflecting  a  slower  etch  rate  than  the  rest 
of  the  sample,  moved  deeper  into  the  sample  logarithmically 
with  poling  time.  As  will  be  shown  below,  this  ridge  is  as¬ 
sociated  with  the  edge  of  an  ionic  depletion  layer  in  the 
space-charge  region. 

In  this  study,  we  present  microscopic  information  on  the 
nonlinear  region,  obtained  by  a  detailed  secondary  ion  mass 
spectrometry  (SIMS)  investigation  of  the  thermal  poling- 
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induced  nonlinear  region  in  fused  silica  glass.  As-received 
fused  silica  coverslip  samples  (Heraus-Amersil,  TO8,  type-II 
fused  silica  with  nominal  1—10  ppm  alkali  metal  impurities) 
were  thermally  poled,  checked  for  second-harmonic  genera¬ 
tion,  and  then  examined  via  SEMS.  The  results  agree  quali¬ 
tatively  with  a  recently  proposed11  multicarrier  model  which 
assumes  a  large  relative  difference  (103-104)  in  mobilities 
between  a  fast  ionic  species  (e.g.,  Na+)  and  a  slow  carrier 
(e.g.,  H30+).  The  dynamic  properties  of  the  charge  transport 
and  of  the  nonlinearity,  which  is  proportional  to  the  local 
electric  field,  are  closely  linked.  The  results  demonstrate  the 
importance  of  understanding  and  controlling  the  charge 
transport  properties  of  these  glass  materials  to  optimize  the 
nonlinear  response. 

A.  Background  on  ion  probes  and  space-charge 
profiling  in  glasses 

While  several  methods  have  been  identified  and  used  to 
study  space-charge  regions  in  sodium-rich  glasses,  none  to 
date  have  been  applied  to  low-alkali  fused  silica.  Carlson12 
used  ion  scattering  spectrometry  (ISS)  in  combination  with 
ion  milling  to  study  a  sodium  silicate  glass.  He  found  a 
cation-depleted  region,  but  could  not  distinguish  ion  types. 
Lepienski  et  al 13  used  nuclear  techniques  to  study  the  space- 
charge  region  in  soda-lime  glass.  They  used  nuclear  reaction 
analysis  from  a  proton  beam  for  detection  of  Na,  Rutherford 
backscattering  spectrometry  (RBS)  from  an  ionized  He  beam 
for  detection  of  Ca,  and  elastic  recoil  detection  (ERD)  from 
an  ionized  He  beam  for  detection  of  hydrogen.  Samples  were 
poled  at  17  kV/cm  and  150  °C  for  varying  times.  Depletion 
layers  of  Na  and  Ca  were  found  0.1— 0.3  /zm  deep.  Hydrogen 
accumulation  regions  were  found  at  the  inside  edge  of  the  Na 
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depletion  for  samples  with  deposited  electrodes,  while  a  hy¬ 
drated  layer  was  found  in  the  Na  depletion  region  for  a 
“press-on”  electrode. 

Gossink14  used  SIMS  to  analyze  a  field-assisted  glass-to- 
metal  seal,  and  demonstrated  the  formation  of  a  depletion 
region  in  a  sodium  silicate  glass  after  applying  400  V  at 
500  °C  in  a  vacuum.  He  identified  a  layer  0.3-0.5  /im  deep 
depleted  of  Na+,  Ca+,  and  K+.  He  also  observed  a  region 
0.1-0.2  /urn  wide  depleted  of  Mn+  and  Mg+.  Gossink15 
pointed  out  that  depth  profiling  in  glass  using  SIMS  can  be 
problematic  due  to  surface  charging  and  migration  of  mobile 
ions  induced  by  this  charging.  He  concluded  that  satisfactory 
charge  compensation  could  be  obtained  through  the  use  of  a 
metal  diaphragm  when  negative  ion  bombardment  is  used. 
Gossink  also  noted  that  conversion  of  ion  count  rates  into 
absolute  concentrations  is  difficult  due  to  the  variability  of 
secondary  ion  yields  with  the  element,  the  glass  matrix,  and 
the  local  environment. 

B.  Relative  alkali  ion  mobilities  in  fused  silica 

The  various  alkali  ions  have  different  mobilities  in  fused 
silica,  with  the  sodium  ion  having  the  largest  mobility  by 
appr'  ximately  one  order  of  magnitude  over  Li,  the  next  most 
mobile  ion.  In  fused  silica  glass,  the  relative  mobility  rela¬ 
tionship  was  observed  by  Doremus16  as  Na>Li>K  in  a  type 
II  and  type  LH  glass  at  380  °C.  For  the  type  II  (GE204)  glass, 
he  found  /£U=0.15/i,Na  and  /jlk<  0.002/i,Na ,  while  in  the 
type  m  (Spectrosil)  glass,  Atu=0.03/i.Na  and  /iK 
=  0.0007 /i,Na.  Jain  and  Varshneya17  also  found  a  similar  re¬ 
lationship  (Na>Li>K)  in  a  type  I  (GE214)  glass  for  tem¬ 
peratures  below  600  °C.  The  initial  alkali  impurity  content 
was  4  ppm  and  the  A1203  impurity  content  was  61  ppm.  At 
approximately  350  °C,  resistivity  measurements  were 
Pli~  1 3pNa(  0.07 5/iNa)  and  pK-2700pNa(/i,K 
~  0.0004 p,Na) . 

II.  EXPERIMENT 

We  report  a  study  of  the  formation  of  the  space-charge 
region  in  thermally  poled  fused  silica  using  SIMS.  As- 
received  coverslips  of  flame- fused  silica  [170-180  pm  thick, 
— 1  part  in  106  (ppm)  Na,  100  ppm  OH]  were  thermally 
poled  at  275  °C  and  4.3  kV  in  a  laboratory  ambient  atmo¬ 
sphere.  The  coverslips  were  placed  atop  soda-lime  glass  (mi¬ 
croscope  slide)  current  limiters,  which  were  in  turn  placed 
atop  A1  foil  cathodes.  A1  foil  anodes  were  also  placed  in 
contact  with  the  top  surfaces  of  the  coverslips.  The  field  was 
turned  on  once  the  sample  reached  a  temperature  of  275  °C. 
At  the  end  of  the  designated  poling  period,  the  oven  door 
was  opened  and  the  sample  was  allowed  to  cool  with  the 
voltage  applied.  The  samples  cooled  from  275  to  200  °C  in 
—  1  min,  at  which  point  the  current  level  had  typically  de¬ 
creased  by  an  order  of  magnitude.  We  checked  the  second- 
order  nonlinearity  by  placing  the  samples  into  a  Q-switched 
Nd:YAG  laser  beam  (1.06  pm)  and  measuring  the  second- 
harmonic  (SH)  signal  at  532  nm.  All  samples  reported  here, 
with  exception  of  the  “depoled”  sample,  regardless  of  pol¬ 
ing  time,  yielded  similar  levels  of  SH  generation  within  a 
standard  deviation  of  14%. 


In  SIMS  analyses,  an  ion  beam  is  used  to  sputter  away 
surface  layers  of  the  sample.  A  mass  spectrometer  separates 
the  ionized  atoms  sputtered  from  the  surface  by  their  mass- 
to-charge  ratio.  As  the  sputtering  process  proceeds,  a  crater 
is  formed  into  the  sample.  By  measuring  the  depth  of  the 
sputter  crater  produced  during  an  analysis,  and  assuming  a 
constant  sputtering  rate  (nm  per  second),  the  variations  in  ion 
intensity  as  a  function  of  time  can  be  converted  into  relative 
changes  in  elemental  concentration  as  a  function  of  depth 
below  the  sample  surface.  SIMS  provides  detailed  informa¬ 
tion  about  an  element’s  distribution  versus  depth,  but  be¬ 
cause  of  the  species  and  sample  dependent  ionization  prob¬ 
abilities  noted  above,  SIMS  does  not  provide  information  on 
absolute  concentration  unless  compared  against  an  indepen¬ 
dently  calibrated  reference  sample.  Without  an  absolute  cali¬ 
bration,  we  have  not  corrected  for  isotopic  abundances.  For 
the  species  presented  here,  all  correction  factors  are  less  than 
9%  and  are  neglected. 

A  Cameca  ims  4F  ion  microprobe  was  used  to  study 
poled  fused  silica.  A  focused  160~  primary  ion  beam  sput¬ 
tered  material  from  sample  surfaces.  The  primary  beam  was 
nominally  12.5  kV  and  200  nA,  focused  to  —100  pm  diam¬ 
eter  on  the  sample  surface.  The  beam  was  rastered  over  a 
50X50  /xm2  area.  Secondary  ions  were  accelerated  through  a 
nominal  4.5  kV  potential  to  which  a  50  V  energy  offset  had 
been  applied.  Samples  were  coated  with  a  —50  nm  gold  film 
to  prevent  electrical  charging  during  analysis.  A  field  aper¬ 
ture  was  used  to  restrict  ion  collection  to  an  —  33-pm-diam 
region  in  the  center  of  the  sputter  crater. 

The  cover  slip  samples  used  in  the  SIMS  analyses  above 
were  type  II  fused  silica  from  Heraeus  Amersil  commercially 
available  as  T08.  Ten  species  were  analyzed  during  this 
study:  'H(  100),7Li(l),23Na(  1  ),24Mg(0.1),27Al(20),3°Si, 

39K(0.8),40Ca(l),48Ti(l),  and  56Fe(0.8).  Figures  in  paren- 
thesis  are  typical  bulk  concentrations  (elemental  weight 
ppm)  given  in  the  glass  manufacturer’s  catalog.18  Mass  sepa¬ 
ration  was  achieved  using  a  sector  magnet  that  was  stepped 
through  the  above  mass  sequence;  each  mass  station  was 
integrated  for  2  s  during  each  of  the  magnet  cycles.  The  first 
few  cycles  (0.1 -0.5  pm  depth  depending  on  sputter  rate)  are 
not  reliable  because  SIMS  has  not  reached  equilibrium.  Ion 
detection  used  a  16  dynode  electron  multiplier  operated  in 
pulse  counting  mode.  The  limit  of  detection  of  this  technique 
is  estimated  at  <5  ppm.  The  milling  depth  is  determined  by 
scanning  the  sputter  crater  with  a  stylus  profilometer;  depth 
resolution  of  the  final  sputtered  crater  is  limited  by  a  conical 
shape.  At  shallow  depths  the  resolution  is  better  than  0.5 
pm;  at  final  depths  the  resolution  degrades  to  —2  / im .  De¬ 
spite  the  nonoptimal  resolution  imposed  by  the  need  to  per¬ 
form  lengthy  profiles,  we  are  clearly  able  to  discern  impor¬ 
tant  features  in  the  distributions  of  the  various  elements. 

III.  RESULTS 

The  ion  count  rates  are  presented  as  a  ratio  of  counts  of 
an  individual  element  to  the  counts  of  30Si.  This  normaliza¬ 
tion  eliminates  some  of  the  sharp  changes  in  counts  observed 
at  the  surface.  Figure  1  shows  SIMS  analyses  for  a  typical 
unpoled  type  II  (Heraeus  T08)  fused  silica  cover  slip  (se- 
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FIG.  1.  Secondary  ion  mass  spectrometry  (SIMS)  analysis  of  a  typical  un¬ 
poled,  as-received  T08  fused  silica  sample.  Note  the  slight  depletion  of  Li 
and  Na  within  2-3  yum  of  the  surface. 


lected  from  three  baseline  samples)  as  a  function  of  depth 
into  material.  The  count  rates  were  scaled  as  noted  to  sepa¬ 
rate  the  curves  for  presentation.  The  distribution  of  each  el¬ 
ement  should  only  be  compared  with  itself,  due  to  the  differ¬ 
ences  in  ionization  rates.  The  H,  Al,  and  Fe  counts  are  much 
greater  than  others.  The  H  concentration  is  on  a  linear  scale 
(left  vertical  axis),  all  of  the  other  curves  are  on  logarithmic 
scales  (right  vertical  axis).  Note  the  large  H  concentration  in 
the  topmost  0.5  yam.  H  is  present  in  many  forms  in  fused 
silica,  as  interstitial  H20,  as  OH  and  as  H2.  SIMS  does  not 
provide  any  information  on  the  local  state  before  the  sputter¬ 
ing.  Note  that  in  the  unpoled  glass  there  was  a  slight  deple¬ 
tion  in  Li  and  Na  in  the  first  few  yam’s  under  the  surface. 
This  is  possibly  due  to  ion  exchange,  perhaps  with  H  ions 
resulting  from  surface  polishing  and  storage  in  air.  One 
might  also  question  if  this  depletion  might  result  from  charge 
migration  under  the  ion  bombardment  during  the  SIMS  mea¬ 
surement.  We  expect  that  the  charge  migration  effect  from 
the  SIMS  measurement  is  very  small  compared  to  the  charge 
migration  caused  by  thermal  poling  because  (1)  the  negative 
ion  bombardment  was  accomplished  in  combination  with  a 
gold  film  coated  on  the  sample  to  prevent  charging,15  and  (2) 
the  ionic  mobilities  of  the  sample  were  low  during  SIMS 
measurement  (room  temperature  and  low  induced  voltage) 
compared  to  the  mobilities  found  at  elevated  temperatures 
and  high  applied  voltages  during  thermal  poling.  He  et  al19 
have  theoretically  shows  that  ion  depletion  in  glass  from 
typical  SIMS  analytical  conditions  (room  temperature,  sev¬ 
eral  volt  potential  drop)  is  only  expected  to  reach  10’s  of 
nm’s  into  the  sample.  Thus,  SIMS  induced  charge  migration 
is  a  more  significant  issue  for  ultrathin-film  measurements 
than  for  the  very  deep  (— 10  jam)  profiles  found  in  these 
poling  experiments. 

Figure  2  shows  both  the  anodic  and  cathodic  near¬ 
surface  regions  for  a  Heraeus  T08  cover  slip  poled  for  20 
min  at  4.3  kV  and  275  °C.  For  the  sake  of  clarity,  only  H,  Li, 
Na,  and  K  are  plotted.  On  the  anode  side  a  dip  (approxi¬ 
mately  tenfold  reduction  in  density)  in  the  distribution  of  Na 
is  evident,  indicating  depletion  extending  from  —5  to  —26 
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FIG.  2.  SIMS  analysis  of  both  the  anodic  and  cathodic  regions  of  a  T08 
fused  silica  sample  poled  for  20  min  at  275  °C.  The  two  regions  of  the 
profile  are  from  separate  measurements  on  opposite  sides  of  the  sample.  On 
the  anode  side,  the  Na  concentration  is  reduced  to  about  25  yum  below  the 
surface  and  there  is  an  injection  of  ions  from  the  surface.  The  Li  concentra¬ 
tion  shows  an  abrupt  edge  (resolution  limited  consistent  with  a  Debye 
screening  length  at  the  edge  of  the  electrical  depletion  region)  and  an  excess 
concentration  in  the  region  of  the  Na  concentration  reduction.  There  is  a 
peak  in  the  K  concentration  just  below  the  surface.  There  is  much  less 
structure  on  the  cathodic  side. 


yam.  Also,  a  more  abrupt  depletion  in  Li  is  evident  to  a  depth 
of  —11  yam.  The  only  other  ion  with  apparent  mobility  was 
K,  where  an  excess  is  detected  within  the  first  3  yum  as  K+  is 
pulled  in  from  the  surface  (presumably  from  surface  con¬ 
tamination).  The  accumulation  of  Na  within  the  first  10  yum 
may  also  be  due  to  surface  injection  of  Na+  from  surface 
contamination.  There  is  also  an  accumulation  of  Li  above  the 
bulk  level  between  its  depletion  edge  and  the  depletion  edge 
of  Na.  This  accumulation  suggests  that  extra  Li  ions  are 
maintaining  the  charge  density  constant  up  to  the  vicinity  of 
the  Li  concentration  edge.  The  sharp  fall-off  of  the  Li  con¬ 
centration  is  consistent  with  a  charge  depletion  region  with  a 
width  related  to  the  Debye  screening  length11  LD 
~  >j€KTIe2N~3 0  nm  at  T=275  °C  and  N—  Ippm,  where 
e=3.8e0  is  the  glass  dielectric  constant  and  e  the  electronic 
charge.  (The  experimental  resolution  is  set  by  the  inhomoge¬ 
neous  depth  of  the  crater  at  —0.5  yam.)  In  contrast,  the  Na 
edge  is  much  broader,  suggesting  interdiffusion  of  Na  and  Li 
ions  without  any  variation  in  charge  density. 

On  the  cathode  side  (Fig.  2)  no  depletion  regions  are 
observed.  There  is,  however,  a  slight  accumulation  in  Li, 
peaking  about  2-3  yam  under  the  cathode  surface,  and  of  Na, 
peaking  at  3-4  yam  under  the  cathode  surface.  The  very  dif¬ 
ferent  SIMS  profiles  for  the  anode  and  cathode  surfaces  fur¬ 
ther  demonstrate  that  measurement-induced  ionic  movement 
is  small  compared  to  the  effects  of  the  high-temperature, 
high-voltage  poling. 

We  investigated  the  evolution  of  these  depletion  regions 
with  poling  time;  four  samples  were  analyzed.  The  samples 
were  poled  at  4.3  kV,  -275  °C  for  0.5,  2,  20,  and  140  min, 
respectively.  Pieces  from  these  samples  were  also  used  in  the 
etching  experiment  previously  reported.10  Figure  3  shows  the 
result  of  SIMS  analyses  of  the  near-surface  anodic  regions. 
For  the  sake  of  clarity,  only  H,  Li,  Na,  K  and,  in  Fig.  3(d), 
Ca  are  plotted.  Li,  Na,  K,  and  Ca  are  plotted  on  a  logarithmic 
scale,  while  H  is  plotted  on  a  linear  scale  to  highlight  its 
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FIG.  3.  Dependence  of  the  anodic  concentration  profiles  on  poling  time  at 
275  °C.  The  depletion  regions  continue  to  move  deeper  under  the  surface 
even  for  140  min.  poling  times. 


distribution.  Figure  3(c)  is  a  repeat  of  a  portion  of  Fig.  2. 

The  Li  and  Na  depletion  layers  move  deeper  into  the 
sample  with  poling  time.  Taking  a  rough  measurement  of  the 
depletion  edges  (3  dB  down  from  the  bulk  levels),  this  trend 


Time  (min) 

PIG.  4.  Poling  time  dependence  of  the  Na  and  Li  depletion  edges.  The 
position  of  a  ridge  observed  in  etching  experiments  is  in  good  agreement 
with  the  Li  depletion  edge. 


is  plotted  in  Fi|t  4)|,tlong  with  the  etching  data  previously 
presented  in  Ref.  rd.  The  movement  with  poling  time  of  the 
Li  depletion  edgt?  cc  (relates  extremely  well  with  the  move¬ 
ment  of  the  secqiid  itching  ridge.  Thus,  the  ridge  from  the 
etching  experiment  corresponds  to  the  edge  of  the  depletion 
region. 

Noteworthy  trends  in  Fig.  3  include  the  accumulation  of 
Li  between  its  depletion  edge  and  the  depletion  edge  of  Na 
for  all  poling  times  and  the  consistently  abrupt  Li  depletion 
edge.  For  longer  poling  times,  K  is  pulled  into  the  glass  from 
the  surface.  In  Fig.  3(c),  there  is  a  well-developed  peak  of  K 
moving  into  the  sample  from  the  surface.  In  Fig.  3(d),  there 
is  also  a  peak,  although  not  as  well  defined,  that  has  moved 
all  the  way  up  to  the  Li  depletion  edge.  In  Fig.  3(a),  a  surface 
accumulation  of  Na,  presumably  from  surface  injection,  is 
again  observed,  similar  to  that  in  Fig.  3(c).  We  have  ob¬ 
served  a  similar  near-anode  accumulation  for  a  purer  type-IH 
fused  silica  (suprasil)  sample  with  much  lower  Na  impurity 
levels,  implying  it  was  introduced  at  the  surface.20  The  lack 
of  surface  introduced  Na  in  Figs.  3(b)  and  3(d)  could  be  due 
to  the  different  handling  histories  of  the  glass,  leading  to  a 
lower  level  of  surface  contamination.  In  Fig.  3(d),  the  distri¬ 
bution  of  Ca  is  plotted  to  show  that  for  a  sample  poled  for  a 
long  period,  a  small  Ca  depletion  region  forms  at  the  anode. 
All  of  these  samples  show  an  excess  H  concentration  (on  a 
linear  scale)  extending  throughout  the  regions  where  the  Na 
concentration  is  reduced.  However,  these  excess  concentra¬ 
tions  were  not  consistently  observed  for  all  of  the  samples 
investigated.  Hydrogen  can  exist  in  many  different  forms 
inside  the  glass  (H,  H2,  OH,  H3O,  . . . )  with  many  different 
electronic  configurations,  potentially  obscuring  any  mobile 
ionic  forms.  The  H  distribution  as  detected  by  SIMS  does  not 
provide  clear  evidence  of  hydrogenated  ions  such  as  H3O 
contributing  to  the  total  space-charge  distribution. 

We  have  previously  shown  that  both  repoling  (V— ► 
-  V)  and  depoling  (F— >0)lead  to  interesting  dynamic  SHG 
behavior  that  is  inconsistent  with  a  simple,  single-mobile 
carrier  model  and  led  us  develop  the  two  carrier  dynamic 
model.11  An  important  feature  of  this  model  is  the  large  dif- 
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FIG.  5.  Anodic  and  cathodic  regions  for  a  repoled  sample.  Original  poling 
for  2  min  at  275  °C  followed  by  a  reversed  poling  for  0.5  min.  The  new 
anode  side  shows  similar  results  to  a  single  poling.  The  new  cathode  shows 
excess  concentrations  of  Na  and  Li  over  the  depletion  region  of  the  original 
poling. 
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FIG.  6.  Anodic  region  of  a  depoled  sample.  Original  poling  for  —155  min, 
depoling  (V=0)  for  1  min  followed  by  cooling.  No  second-harmonic  signal 
was  observed  after  depoling,  but  depletion  regions  are  still  clearly  evident. 


ference  in  mobilities  —  103- 104  between  the  two  charge  car¬ 
riers. 

We  investigated  these  regimes  with  SIMS.  A  cover  slip 
sample  was  poled  and  then  repoled  with  the  field  reversed. 
Initially,  the  sample  was  poled  for  5  min  at  4.3  kV,  —275  °C. 
After  cooling  with  voltage  applied,  the  sample  was  manually 
turned  over  and  reheated  with  no  voltage  applied.  Once 
heated  to  —275  °C,  4.3  kV  was  applied  for  1.5  min  before 
allowing  the  sample  to  cool  with  voltage  still  applied.  Both 
sides  of  the  sample  were  examined  with  SIMS  (Fig.  5).  The 
behavior  of  the  new  anode  side  was  similar  to  that  of  the 
sample  poled  for  2  min  [Fig.  3(b)],  except  the  depletion 
edges  were  not  quite  as  deep  below  the  anode  surface.  On  the 
new  cathode  side,  we  see  some  very  interesting  effects.  Be¬ 
fore  field  reversal,  the  new-cathode  side  was  the  anode,  so  a 
depletion  layer  existed  in  the  near-surface  region.  When  the 
field  is  reversed,  both  the  Na  and  Li  ions  respond  to  the  new 
field  distribution  by  drifting  towards  the  new-cathode  sur¬ 
face.  The  Na  peak  has  moved  through  the  Li  peak,  consistent 
with  the  higher  mobility  of  Na.  If  no  other  effects  came  into 
play,  these  excess  charges  should  collapse  to  a  very  narrow 
distribution  ( ~LD )  just  at  the  surface.  Instead  we  observe  a 
broad  excess  distribution,  roughly  comparable  in  depth  to  the 
initial-poling  depletion  width  for  both  Li  and  Na  implying 
that  there  is  another  effect  in  the  near  surface  region  that 
lowers  the  alkali-ion  mobilities.  Based  on  the  experimental 
evidence  of  a  transient  cathodic  nonlinearity  on  field  reversal 
and  of  an  incubation  period  before  observation  of  SHG,  we 
have  previously  postulated1 1  that  excess  H30+  or  other  low- 
mobility  ionic  species  competed  with  the  Na+for  defect  sites 
and  effectively  blocked  the  charge  transport  towards  the  new 
cathode,  resulting  in  a  net  positive  charge  distribution  ex¬ 
tending  in  from  the  new  cathode  that  clears  on  the  time  scale 
of  the  low  mobility  blocking  species. 

The  voltage  drop  associated  with  this  charge  distribution 
explain  the  observations11  of  a  transient  nonlinearity  at  the 
new  cathode  and  an  incubation  period  before  establishing  the 
nonlinearity  on  the  new  anode  for  long  initial  poling  periods. 
There  have  been  literature  reports  of  Maker-fringe  experi¬ 


ments  consistent  with  nonlinear  thicknesses  corresponding  to 
the  entire  glass  thickness.21-23  These  have  been  associated 
with  a  fundamentally  different  poling  mechanism  than  the 
surface  poling  due  to  a  large  electric  field  in  the  anodic 
depletion  region.  If  a  sample  with  a  positive  cathodic  charge 
layer  from  Na  pile-up  is  cooled  while  a  SH  region  is  present 
on  both  sides  of  the  sample,  a  Maker-fringe  experiment  will 
show  a  fringe  period  consistent  with  volume  (bulk)  poling, 
even  though  the  nonlinear  regions  are  confined  to  both  sur¬ 
faces. 

A  “depoled”  sample  was  analyzed  with  SIMS.  This 
sample  had  been  poled  multiple  times  for  a  total  of  155  min 
and  was  finally  depoled  by  shorting  the  heated  sample  to 
ground  (—1  min)  and  cooling.  No  second-harmonic  signal 
was  observable  after  depoling.  Figure  6  shows  the  result  of 
SIMS  analysis  of  the  anode  side.  The  depths  of  the  Na  and  Li 
depletion  edges  are  similar  to  the  sample  poled  for  140  min. 
There  is  also  a  wide  peak  of  K,  which  was  also  observed  in 
the  140  min  sample  [Fig.  3(d)].  Clearly,  the  Li  and  Na  dis¬ 
tributions  did  not  move  very  far  in  the  short  depoling  time. 
This  is  again  consistent  with  our  two-carrier  model  in  which 
a  positive  charge  layer  (from  H30+  transport  from  the  sur¬ 
face)  followed  by  a  negative  (Li+  and  Na+  depletion)  charge 
layer  forms  below  the  anode.  When  a  sample  is  depoled,  the 
fast  alkali  ions  need  only  move  back  towards  the  anode  sur¬ 
face  enough  that  the  integrated  electric  field  (i.e.,  the  voltage 
drop)  at  the  anode  is  zero  to  satisfy  the  circuit  condition. 
Under  these  conditions,  there  is  still  a  space-charge  region 
but  with  alternating  charges  and  electric  field  directions.  As 
long  as  the  widths  are  less  than  a  coherence  length,  there  is 
no  SHG  signal  because  the  SHG  in  the  positive  and  nega¬ 
tively  poled  regions  interfere  destructively.  Electric  fields  re¬ 
main  in  the  surface  regions,  and  if  the  sample  were  main¬ 
tained  at  an  elevated  temperature  the  charge  distribution 
would  continue  to  evolve  back  towards  the  initial  conditions. 

The  accumulation  peaks  of  K  on  the  anode  side  of  a 
poled  sample  observed  in  Fig.  2,  Fig.  3(d),  and  Fig.  6  appear 
to  correlate  with  the  deep,  narrow  groove  that  sometimes  is 
observed  in  the  etching  experiments,10  reflecting  a  localized 
region  with  a  faster  etch  rate  than  that  of  the  bulk  glass.  This 
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association  is  not  conclusive,  however,  because  in  the  etch¬ 
ing  experiment  the  location  of  the  groove  relative  to  the  an¬ 
ode  surface  varied  substantially,  with  a  maximum  depth  un¬ 
der  the  anode  always  less  than  the  etching  ridge  (associated 
with  the  edge  of  the  depletion  region).  As  was  shown  in  a 
previous  preliminary  report,20  this  is  also  consistent  with  ob¬ 
servations  in  a  synthetic  fused  silica  sample  (type  HI  Si02) 
which  exhibited  an  accumulation  of  K  near  the  anode  upon 
being  poled,  and  when  etched,  resulted  in  a  groove  in  the 
same  approximate  location.  This  appears  to  be  a 
concentration-  rather  than  a  field-dependent  effect  since  there 
is  always  a  strong  electric  field  in  the  region  where  the 
groove  appears. 


IV.  DISCUSSION 


The  SIMS  data  combined  with  the  etching  data  demon¬ 
strate: 

(1)  The  alkali  depletion  region  in  type  II  glasses  contin¬ 
ues  to  move  deeper  into  the  sample  with  increased  poling 
time  at  an  approximately  logarithmic  rate,  while  the  SH  sig¬ 
nal  level  stays  at  comparable  levels  for  all  measured  poling 
times.  This  indicates  that  the  electric  field  strength  (and  con¬ 
sequently  the  x (2))  must  vary  dramatically.  SH  measure¬ 
ments  are  only  sensitive  to  the  integrated  field  (i.e.,  the  volt¬ 
age  drop  across  the  depletion/accumulation  region). 

(2)  In  an  ion-exchange  process,  Na,  K,  and  possibly  a 
hydrogenated  species  are  injected  into  the  sample  from  sur¬ 
face  contamination  during  poling. 

(3)  The  ridge  associated  with  a  decreased  etching  rate  in 
the  etching  experiments  correlates  well  with  the  edge  of  the 
depletion  region,  marked  by  the  abrupt  Li  concentration  gra¬ 
dient.  The  groove  associated  with  an  increased  etching  rate 
in  the  etching  experiments  is  likely  correlated  with  an  accu¬ 
mulation  of  K  injected  into  the  glass  from  the  anode  surface. 

(4)  Migration  of  Na  towards  the  cathode  for  repoling  is 
hindered  near  the  cathode  surface  edge  by  other  impurity 
accumulations  (e.g.,  K  and/or  H),  causing  the  Na  to  “pile 
up”  in  the  previous  depletion  region.  This  variation  of  the 
mobility  with  local  conditions  is  related  to  many  of  the  ef¬ 
fects  observed  in  SH  field  reversal  experiments  and  appears 
to  be  a  new  phenomenon  not  previously  discussed  in  the 
literature. 

The  ln(r)  behavior  (Fig.  4)  for  the  depth  of  the  space- 
charge  region  is  inconsistent  with  the  single-carrier  descrip¬ 
tion  of  the  formation  of  the  space-charge  region  that  was 
initially  proposed1  to  describe  the  poling  phenomenon.  In 
type  II  fused  silica  (flame  fused  natural  quartz)  which  has 
alkali  impurity  levels  of  several  ppm,  the  sodium  ion  is 
thought  to  be  the  major  carrier.  Even  in  Si02  glasses  with 
fewer  impurities  (type  III  and  IV  synthetic  fused  silica),  so¬ 
dium  ions  are  believed  to  be  the  predominant  source  of  con¬ 
ductivity. 

A  single-carrier  model  predicts  that  a  depletion  region 
will  reach  a  steady  state  width  w  in  a  time  r  given  by 


eLl 


2eNfxzr 


(1) 


where  e  is  the  dielectric  constant,  L  is  the  sample  width,  N  is 
carrier  density,  is  the  mobility  of  the  carrier,  and  V  is  the 
applied  voltage.  For  a  thin  sample  (L=  180  yum)  and  assum¬ 
ing  1  ppm  impurity  levels  (W—2X1016  cm-3),  e 
=  3.8e0>  V=4.3  kV,  and  /*=  5X10“9-10-n  cm2 
V-  s-1  (our  observed  mobility  range),  the  depletion  region 
steady  state  formation  time  is  calculated  to  be  r~0.4-200  s. 
The  cross-sectional  etching  experiment11  and  the  present 
SIMS  experiment  show  that  the  space-charge  region  does  not 
achieve  a  short  term  steady  state,  but  instead  exhibits  an 
approximate  In (0  dynamic  behavior.  This  behavior,  along 
with  in  situ  second-harmonic/conductivity  observations,  led 
us  to  postulate  an  expanded  two-carrier  model  that  includes 
carriers  with  vastly  different  mobilities  (ratio  — 103— 104). 
As  a  depletion  layer  forms  due  to  the  migration  of  the  fast 
carrier  (e.g.,  Na+),  the  second,  slow  carrier  is  injected  into 
the  high-field  depletion  region.  The  surface  injection  results 
in  a  continuing  evolution  of  the  space-charge  region,  thus  a 
steady  state  is  not  reached  on  the  time  scale  of  even  2  h 
experiments.  In  the  long  time  limit,  the  two-carrier  model 
predicts  that  the  edge  of  the  depletion  region  evolves  as  y[t, 
rather  than  the  observed  ~ln(f)  behavior,  probably  because 
there  is  actually  a  continuum  of  mobilities  involved  in  the 
dynamic  behavior. 

From  the  SEMS  experiments,  Na,  Li,  K,  and  even  Ca  are 
mobile  within  the  poling  times  examined.  Na  and  Li  form 
well-defined  depletion  regions  within  —0.5  min.  Conductiv¬ 
ity  measurements  on  coverslip  samples  showed  a  large  drop 
in  conductivity,  indicating  that  the  majority  of  charge  migra¬ 
tion  is  over  in  1-2  min.10  The  initial  migration  is  likely  to  be 
that  of  Na  and  Li  ions.  After  the  large  conductivity  drop,  a 
lower  conductivity  level  persisted  decreasing  slowly  with 
time.  The  lower  conductivity  level  is  likely  to  be  that  of 
slower  ions,  mostly  injected  from  the  surface,  such  as  K  and 
possible  H30+.  The  lower  conductivity  after  the  initial  drop 
corresponds  to  continued  evolution  of  the  space-charge  re¬ 
gion.  The  approximate  ln(r)  behavior  of  the  depletion  edge 
implies  that  there  is  a  range  of  mobilities  among  the  ionic 
carriers,  and  possibly  a  continuum  of  mobilities.  Given  that 
each  mobile  ion  will  have  a  range  of  activation  energies  de¬ 
pendent  its  local  environment,  it  is  not  unreasonable  to  pos¬ 
tulate  that  there  is  a  range  of  mobilities  for  a  single  ionic 
carrier. 


V.  SUMMARY 

The  use  of  SIMS  and  cross-sectional  etching  techniques 
have  allowed  the  first  direct  microscopic  observations  of  the 
frequency-doubling  space-charge  region  in  poled  fused 
silica.  The  SIMS  experiments  presented  here  have  allowed 
interpretation  of  topographical  features  produced  in  the  etch¬ 
ing  experiments.  Ridges  observed  in  cross-sectional  etching 
experiments  correlate  with  depletion-region  edges.  The 
SIMS  analysis  of  thermally  poled  fused  silica  samples  has 
shown  that  multiple  positive  ions  are  mobile.  Li  and  Na  ions 
both  form  depletion  regions  near  the  anode.  K  and  Na  ions 
are  observed  to  be  injected  into  the  depletion  region  from  the 
anode  surface.  Na  ion  migration  towards  the  cathode  surface 
after  field  reversal  can  be  hindered  before  Na  ions  reach  the 
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surface,  presumably  as  a  result  of  hydrogenated  or  impurity- 
containing  surface  layers.  An  inescapable  conclusion  is  that 
the  mobilities  of  ionic  species  in  silica  glasses  are  correlated 
under  some  conditions.  The  depletion  region  on  the  anode 
side  evolves  with  poling  time  and  the  depletion  edge  moves 
deeper  into  the  glass  with  an  approximate  \n(t)  behavior.  The 
movement  of  the  depletion  edge  to  greater  depths  is  caused 
by  injection  of  impurities  at  the  anode  surface,  and  the  loga¬ 
rithmic  behavior  implies  a  range  of  mobilities  among  the 
multiple  carriers. 
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I.  Introduction 

Progress  in  very  large  scale  integration  (VLSI)  has  been  characterized  by  an  ever  de¬ 
creasing  feature  size.  Transverse  dimensions  of  transistor  features  have  decreased  from  ~  5  pm  in 
1970  (4K  DRAM)  to  0.35  pm  today  (64M  DRAM).  This  continuous  improvement  in  feature  size 
has  been  codified  as  an  integral  part  of  “Moore’s  Law”  which  projects  an  exponential  feature  size 
decrease  characterized  by  a  reduction  of  50%  in  linear  dimensions  every  three  years.  This  “law” 
underlies  the  semiconductor  industry  planning  as  exemplified  in  the  National  Technology  Road¬ 
map  for  Semiconductors1. 

Throughout  this  progress,  optical  lithography  has  remained  the  dominant  lithographic 
technique  for  manufacturing  applications.  Many  advances  have  been  made  in  optical  lithography 
to  allow  this  dramatic  scale  reduction.  The  optical  wavelength  used  in  state-of-the-art  litho¬ 
graphic  tools  has  decreased  from  mercury  G-line  (436  nm)  to  mercury  I-line  (365  nm)  to  248 
DUV  (KrF  laser).  There  is  presently  a  major  push  towards  development  of  193-nm  ArF  laser- 
based  steppers  continuing  this  historical  trend.  At  the  same  time  optical  systems  have  been  im¬ 
proved  from  numerical  apertures  (NA)  of  0.2  to  —0.6-0. 7. 

There  are  several  factors  that  together  suggest  that  continued  improvements  along  these 
directions  are  likely  to  slow  and  that  the  industry  will  have  to  undergo  a  significant  change  in 
lithographic  technique  if  it  is  to  maintain  its  historical  rate  of  reduction  in  feature  size.  Chief 
among  these  is  the  reduction  of  the  feature  size  to  below  the  available  optical  wavelengths.  Ad¬ 
ditionally,  there  is  an  increasing  premium  on  linewidth  control  for  high-speed  circuit  operation, 
even  as  the  scale  reduction  below  the  wavelength  is  making  linewidth  control  more  difficult.  A 
further  major  issue  is  the  complexity  of  the  masks  required  for  ftture  ULS1  generations.  This 
complexity  is,  by  definition,  increasing  by  a  factor  of  four  each  generation  (i.  e.  four  times  as 
many  transistors  on  a  chip).  In  addition,  many  of  the  potential  solutions  to  the  optical  lithography 
problem,  collectively  know  as  resolution-enhancement  techniques,  lead  to  increased  mask  com¬ 
plexity  (serifs,  helper  bars,  and  other  sub-resolution  features)  or  require  a  three  dimensional  mask 
in  place  of  the  traditional  chrome-on-glass  two-dimensional  masks  (phase-shift  techniques). 
These  trends  are  increasing  the  difficulty  and  cost,  and  reducing  the  yield  of  masks. 

Notwithstanding  these  difficulties  it  is  also  important  to  appreciate  the  difficulties  of  a 
rapid  changeover  from  traditional  optical  lithography  techniques.  The  industry  has  an  accumu¬ 
lated  investment  and  experience  base  of  literally  billions  of  dollars  and  hundreds  of  thousands  of 
man-years  in  optical  lithography.  Clearly,  it  is  important  to  leverage  this  investment  to  the  great¬ 
est  extent  possible.  Optical  lithography  techniques  will  be  used  for  as  long  as  possible  and  inno¬ 
vative  new  concepts  will  continue  to  be  generated  to  meet  the  resolution  requirements  and  allow 
continued  growth  of  the  industry. 


6th  NASA  Symposium  on  VLSI  Design,  to  be  published 
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II.  Nanoscale  Lithography  Alternatives 

The  current  industry  perspective  is  that  193-nm  excimer-laser-based  lithography  will  be 
adequate  for  the  180-nm  critical  ^knension  (CD)  generation  (i.  e.  1-Gb  DRAMs  planned  for  ini¬ 
tial  manufacturing  in  2001).  Major  efforts  are  underway  in  the  United  States  (SVG  Lithography, 
ISI),  in  Japan  (Nikon,  Cannon),  and  in  Europe  (ASM  Lithography)  to  meet  the  challenges  of 
turning  this  experimental  program  into  a  manufacturing  worthy  tool. 

The  situation  is  far  less  defined  for  the  following  generation  (130  nm  CDs  for  the 
2003/2004  time  frame).  There  are  active  research  programs  underway  in  a  number  of  technolo¬ 
gies,  each  of  these  has  advantages  and  critical  issues.  No  consensus  has  yet  emerged  as  to  which, 
if  any,  of  these  technologies  is  going  to  take  the  place  of  optics  as  the  industry  mainstay.  Some  of 
the  alternatives  along  with  the  major  issues  (a  personal  view)  are  summarized  in  Table  I. 


TABLE  I:  Alternative  nanoscale  lithographic  techniques. 


TECHNIQUE 

FEATURES 

ISSUES  '  | 

X-ray 

1  nm  synchrotron  source;  lx- 
proximity  mask 

lx -mask;  cost/granularity;  mask- 
wafer  gap;  proximity  effects. 

X-ray 

plasma  point  source  of  X-rays 

above  &  collimator 

Extreme  ultraviolet 
(EUV) 

13-nm  laser-produced  plasma;  4x 
all-reflective,  aspheric  reduction 
optics 

source;  optics  figure  and  reflectivity; 
mask  issues 

e-beam  direct  write 

shaped  e-beam 

throughput;  proximity  effects;  data 
handling;  grid  accuracy 

projection  e-beam 
(SCALPEL) 

scatter  mask;  4x  reduction  elec¬ 
tron  optics 

mask  durability,  proximity  correc- 
!  tions;  throughput 

advanced  optical 

lithography 

193-  =>  157-  =>126-nm;  resolu-  j 
tion  enhancements:  proximity 
correction,  phase  shift,  off-axis 
illumination. 

optics,  resolution  vs.  depth-of-field 
vs.  process  latitude;  masks;  data 
handling  requirements 

interferometric  li¬ 
thography 

coherent  interference  effects  to 
extend  optics;  mix-and-match 
between  interferometric  and  opti¬ 
cal  tools. 

extension  to  realistic  patterns;  re¬ 
quirement  for  multiple  exposures 
and  alignment. 

Proximity  X-ray  lithography  is  the  most  developed  alternative.  A  difficult  lx  mask  sili¬ 
con  nitride  membrane  patterned  with  a  heavy  metal  absorber  is  required.  The  precision  and  sta¬ 
bility  of  this  mask  must  be  consistent  with  130-nm  CD  groundrules.  The  synchrotron  is  itself  a 
major  issue.  Granularity  refers  to  the  need  to  add  an  additional  synchrotron  once  the  available 
number  of  exposure  stations  have  been  added  around  the  ring.  Almost  all  of  these  techniques  suf¬ 
fer  from  some  degree  of  proximity  correction  requirement.  This  refers  to  the  fact  that  the  printed 
pattern  is  influenced  by  adjacent  features;  requiring  modifications  to  the  mask  that  depend  on  the 
local  topology.  This  dramatically  increases  the  computational  power  and  time  needed  to  make 
the  mask  as  well  as  posing  enormous  metrology  and  inspection  demands. 
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Point  X-ray  sources  are  an  alternative  to  large  expensive  X-ray  synchrotron  sources.  Here 
the  major  issues  are  brightness  and  durability,  since  these  are  high  energy  pulsed-power  dis¬ 
charges.  A  major  difficulty  is  that  there  are  virtually  no  optical  materials  at  these  X-ray  wave¬ 
lengths  so  that  traditional  optical  elements  are  unavailable.  One  specific  need  is  a  collimator  to 
both  collect  more  of  the  solid-angle  of  emission  and  reduce  vignetting  over  the  mask- wafer  gap. 

Extreme  ultraviolet  (EUV)  lithography  is  a  promising  technique  based  on  a  laser- 
produced  plasma  source  at  ~  13-nm.  This  is  a  reduction  optical  approach  requiring  a  reflective 
mask  and  aspheric  reflective  optics.  Multilayer  reflectors  are  required  to  achieve  sufficient  re¬ 
flectivity  at  this  wavelength. 

Electron-beam  lithography  has  more  than  adequate  resolution  for  this  generation.  The 
major  issue  here  is  writing  speed  and  throughput.  Again,  there  are  proximity  effects  which  re¬ 
quire  intensive,  on  the  fly,  calculations  of  dose  and  beam  shape.  Since  the  beam  is  directed  by 
electric  and  magnetic  fields,  grid  accuracy  and  precision  are  also  major  issues.  SCALPEL  is  a 
projection  e-beam  technique  that  uses  a  mask  to  locally  scatter  electrons  out  of  the  beam. 

For  wavekjjvgths  below  the  193-nm  ArF  wavelength,  transmitting  optical  materials  are  no 
longer  available  (except  perhaps  CaF2  at  157  nm)  and  a  transition  to  an  all-reflective  system  is 
required.  Most  likely,  the  transition  to  reflective  optics  will  result  in  a  significant  reduction  in  the 
possible  NAs,  reducing  the  benefit  of  shorter  wavelengths.  Optical  sources  with  sufficient  aver¬ 
age  power  for  high  throughput  manufacturing  are  another  major  problem  for  wavelengths  shorter 
than  193  nm.  Since  these  systems  will  be  working  closer  to  theoretical  diffraction  limits  than  cur¬ 
rent  lithography,  the  trade-offs  between  resolution,  depth-of-field  and  process  latitude  will  be¬ 
come  more  problematical. 

Interferometric  lithography  uses  coherent  optical  sources  to  push  optics  to  theoretical 
limits.  The  period  of  the  interference  between  two  coherent  J  earns  incident  on  a  wafer  at  equal 
and  opposite  angles,  6,  is  just  p  =  /l/[2sin#j.  Since  is  easy  to  adjust  q  so  that  sin0~  1,  the  limiting 
period  is  ?J2  and  the  CD  for  equal  lines  and  spaces  is  available  lasers,  it  is  straightfor¬ 

ward  to  make  patterns  out  to  ~  50-nm,  well  beyond  the  Curre  nt  industry  needs.  The  difficulty 
here  is  going  beyond  simple  line.space  or  via  hole  arrays  to  real  circuit  patterns.  Industry  is  cur¬ 
rently  exploring  the  use  of  interferometric  lithography  to  produce  test  structures  for  advanced 
generation  process  development  well  ahead  of  the  timelines  imposed  by  the  availability  of  litho¬ 
graphic  tools  for  these  generations. 


III.  Interferometric  Lithography 

Multiple-exposure  interferometric  lithography2"4  provides  an  possible  solution  to  this  need 
for  complex  circuit  patterns.  Interferometric  lithography  has  already  demonstrated  the  necessary 
resolution  for  180-nm  and  even  90-nm  structures,  using  commercially  available  near-UV  laser 
sources  (355  nm,  3co  YAG/  364  nm,  Ar-ion)  and  well  developed  I-line  resists,  and  can  be  readily 
extended  to  future  lithography  generations  (130-nm,  90-nm,  70-nm,  50-nm)  with  existing  laser 
sources  at  much  lower  cost  than  other  approaches.  Major  features  of  interferometric  lithography 
include  a  maskless,  large-field  capability  for  sub- wavelength  structures  (CD  ~  X/4  for  dense 
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structures)  with  an  essentially  infinite  depth-of-field  (literally  1  m)  produced  with  very  simple, 
low-NA  optical  components  (primarily  flat  mirrors).  The  fabrication  of  dense  (1:1  line:space  ra¬ 
tio)  arrays  of  lines  and  via  holes  and  sparse  (1:10  line:space  ratio)  arrays  of  lines  has  been  dem¬ 
onstrated.  These  periodic  structures  are  ideal  for  the  process  development  needs  outlined  above. 

Figure  1  shows  the  basic  idea  of  interferometric  lithography.  For  two  coherent,  plane 
wave  laser  beams  at  a  wavelength  X  incident  on  a  photoresist  layer  on  a  wafer  at  angles  of  ±8,  a 
grating  of  period  p  =  >l/(2sin6)  is  formed.  For  this  single  exposure,  the  exposure  flux  (J/cm2)  as  a 
function  of  position  is  given  by: 

F{x)  =  2F0[\  +  cos(2fo  sin#)]  (1) 

where  F0  is  the  flux  (intensity  x  duration)  of  each  beam  (assumed  equal)  and  k  =  2n/X.  This  ex¬ 
pression  has  no  explicit  z-dependence,  consistent  with  the  large  depth  of  field.  The  grating  lines 
are  parallel  to  the  y-axis,  and  the  phase  term  has  been  arbitrarily  set  to  zero.  Since  the  intensity  at 
the  minima  goes  to  zero,  the  modulation  M-  [(Fmax-Fmiy (Fmm+FmiD)]  =  1. 


Figure  1 :  Interferometric  lithography  results  from  the  interference  of  two  coherent,  plane-wave  laser 
sources  incident  on  a  photoresist  coated  wafer  at  symmetric  angles  ±6. 

As  is  the  case  with  any  lithographic  technique,  the  nonlinear  response  of  the  photoresist 
results  in  a  sharpened  profile  for  the  developed  photoresist  as  contrasted  with  the  aerial  image  of 
Eq.  1  The  periodicity  of  the  pattern  is  specified  by  the  exposure  geometry;  the  developed  resist 
CD  depends  on  the  flux  as  well  as  the  develop  parameters  and  can  be  varied  over  a  wide  range  . 
In  particular,  because  the  flux  does  go  to  zero  at  the  minima,  it  is  possible  to  achieve  very  small 
line:space  ratios  by  extending  the  exposure  to  high  flux  levels.  Figure  2  shows  two  examples  of 
1-D  0.18  pm  CD  structures,  the  figure  on  the  left  shows  a  dense  1:1  line:space  pattern  with  a 
pitch  of  0.3  pm;  on  the  right  a  sparse  1:10  line:space  pattern  with  a  pitch  of  2  pm.  The  differ¬ 
ences  between  the  two  exposures  are  in  the  periods  (0)  and  the  exposure  flux. 
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Figure  2:  Dense  (left)  and  sparse  (right)  structures  at  I-line.  Both  structures  are  in  Shipley  505  resist 
(0.6-pm  thick)  using  both  a  bottom  ARC  and  a  post-exposure  bake. 

The  major  issue  with  interferometric  lithography  is  not  the  scale,  but  extensions  from 
simple  line:space  patterns  to  complex,  nonrepetitive  circuit  patterns.  The  most  straightforward 
approach  is  to  mix-and-match  between  interferometric  and  imaging  optical  lithography.  Interfer¬ 
ometric  lithography  could  be  used  to  write  the  fine  features,  e.  g.  gates  or  interconnect  via  holes, 
and  a  lower  resolution  optical  lithography,  either  in  the  same  photoresist  level  or  with  additional 
intermediate  processing  steps,  used  to  delimit  the  extent  of  the  interferometric  exposure.  The 
resolution  limit  on  the  optical  lithography  is,  at  worst  for  1:1  linerspace  structures,  only  Vz  of  that 
required  to  define  the  structure.  Multiple  exposure  and  multiple-beam  interferometric  techniques 
extend  the  range  of  structures  available  from  interferometric  lithography. 

However,  the  traditional  flexibility  of  independently  specifying  each  resolution  element 
in  an  optical  image  is  not  available  to  interferometric  lithography.  Thus,  application  of  this  tech¬ 
nology  will  require  a  dialog  with  the  circuit  design  community  as  well  as  the  manufacturing 
community.  For  example,  many  memory  products  have  both  highly  periodic  core  areas  and  ape¬ 
riodic  control  circuitry.  The  application  of  interferometric  lithography  would  be  highly  simpli¬ 
fied,  if  there  could  be  a  common  grid  at  the  circuit  CD  underlying  both  regions.  Then,  for  exam¬ 
ple,  an  interconnect  via  hole  level  could  be  printed  by  interferometric  lithography,  a  dense  set  of 
holes  selected  by  optical  lithography  in  the  core  regions,  and  a  sparser  set  of  holes  selected  for 
the  control  regions.  At  present,  there  is  no  correlation  between  positions  in  these  two  regions. 
This  is  just  a  simple  example  of  the  dialog  that  has  to  be  in  place  if  interferometric  lithography  is 
to  progress  from  test  structures  to  ULSI  manufacturing. 
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IV.  Summary 

Lithography  is  a  potential  showstopper  for  the  industry  at  the  130-nm  CD  node  and  be¬ 
yond.  At  present  there  is  no  clear  path  from  the  numerous  experimental  development  technolo¬ 
gies  to  a  high  volume  manufacturing  tool.  Time  is  short;  the  industry  need  is  for  a  operational 
and  verified  tool  set  by  2000  to  allow  for  initial  manufacturing  in  2003.  Interferometric  lithogra¬ 
phy  provides  an  alternative,  optics-based  lithographic  capability  that  has  demonstrated  sufficient 
resolution  for  the  next  several  ULSI  generations.  This  capability  is  already  being  exploited  for 
test  structures  to  allow  development  of  next  generation  process  capabilities  concurrently  wi 
general  purpose  lithographic  techniques.  Application  of  interferometric  lithography  to  manufac¬ 
turing  will  depend  both  on  the  development  of  multiple  exposure  and  multiple  beam  techniques 
to  write  more  complex  cells,  and  on  an  interaction  with  the  design  process  to  allow  manufactur¬ 
ing  by  interferometric  lithography. 
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The  critical  dimension  (CD)  limits  of  conventional  optical  lithography  follow  directly  from  the 
low-pass  filter  characteristics  of  the  imaging  optical  system  (|fc|:S2'7rNA/X  where  X  is  the  optical 
wavelength  and  NA  the  numerical  aperture).  In  contrast,  the  linear  systems  limits  of  optics  extend 
to  spatial  frequencies  of  4tt1\  (interference  between  counterpropagating  beams  at  grazing 
incidence).  Imaging  interferometric  lithography  is  introduced  as  a  technique  to  approach  this  linear 
systems  limit  while  retaining  the  arbitrary  pattern  capability  of  an  imaging  optical  system.  Multiple, 
wavelength-division-multiplexed  exposures  are  used,  each  exposure  recording  a  different  portion  of 
frequency  space.  A  conventional,  coherent  illumination  exposure  provides  the  low  frequency 
information,  within  the  lens  passband.  Offset  exposures  provide  the  high  spatial  frequency 
information.  Off-axis  illumination  shifts  a  portion  of  the  high  spatial  frequency  diffraction  from  the 
mask  into  the  lens  passband  and  interference  with  a  reference  beam  resets  the  frequencies  once  they 
are  transmitted  through  the  optical  system.  For  a  typical  x-y  geometry  pattern,  offset  exposures  in 
the  x  and  y  directions  provide  a  sufficient  coverage  of  frequency  space.  Model  calculations  illustrate 
that  the  imaging  capabilities  of  imaging  interferometric  lithography  (HL)  for  dense  features  extend 
to  — X/3  (130  nm  at  I  line;  65  nm  at  an  ArF  exposure  wavelength).  Initial  experiments  are  reported 
at  I  line  with  a  modest  (NA=0.04)  optical  system.  The  results  are  in  good  agreement  with  the  model 
calculations.  A  resolution  enhancement  of  — 3X  from  dense  6  ptm  CDs  for  a  conventional,  coherent 
illumination  exposure  to  —dense  2  fim  CDs  for  an  IIL  exposure  sequence  is  demonstrated.  €)  1998 
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I.  INTRODUCTION 

The  resolution  limit  of  diffraction-limited  optical  lithog¬ 
raphy  (OL)  is  often  described  by  the  simple  Rayleigh  for¬ 
mula 

NA,  (1) 

where  is  relate!  to  process  latitude,  X  is  the  wavelength, 
and  NA  the  optic#!  system  numerical  aperture.  Practical  con¬ 
straints  limit  k1  lo  —0.6  so  that  the  maximum  resolution  for 
an  I  line  wavelength  (365  nm)  and  a  0.6  NA  lens  is  R  — X 
—  365  nm.  Several  approaches  to  improving  this  resolution 
are  being  explored.  The  most  straightforward  approach  is  to 
reduce  the  wave^ngth.  Advanced  commercial  lithography 
tools  are  now  using  a  248  nm  KrF  laser  illumination  source 
and  intensive  development  is  underway  on  193  nm  ArF-laser 
based  systems.  Resolution  enhancement  techniques  (RET) 
such  as  phase-shift  masks  (PSMs),1  optical  proximity  correc¬ 
tion  (OPC),2  and  off-axis  illumination  (OAI)3  are  alternate 
approaches  to  improving  the  resolution  at  a  given  wave¬ 
length.  In  effect,  these  techniques  allow  a  reduction  in  kx  . 
Each  of  these  has  inherent  trade-offs  in  terms  of  manufactur¬ 
ability  versus  resolution. 

The  Rayleigh  resolution  limit  can  be  understood  simply  as 
the  inverse  of  the  bandwidth  for  the  range  of  spatial  frequen¬ 
cies  passed  by  the  lens  (|£|:S/:0NA  where  k0  =  l7r/\).  The 
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available  frequency  space  supported  by  optics  extends  much 
further  to  \k\  —  2k0,  e.g.,  to  counterpropagating  waves  at 
grazing  incidence  to  the  wafer.  Thus  the  linear  system  re¬ 
sponse  of  an  OL  system  is  dominated  by  the  low-pass  filter 
characteristics  of  the  lens,  not  by  any  fundamental  limita¬ 
tions  of  optical  wave  propagation.  The  RET  techniques  all 
improve  the  resolution  by  enhancing  the  spatial  frequencies 
between  NA /X  and  2NA/X,  resulting  in  a  more  nearly  uni¬ 
form  transfer  function  out  the  highest  frequencies  support  by 
the  optical  system.  However,  again  they  are  limited  by  the 
spatial  frequency  bandwidth  imposed  by  the  lens  NA,  not  by 
the  ultimate  linear  systems  constraints  of  optics. 

Interferometric  lithography4,5  (IL)  is  based  on  the  coher¬ 
ent  interference  of  a  small  number  of  nominally  plane-wave 
optical  beams  incident  on  a  photoresist  layer.  Because  there 
is  no  lens  involved,  it  is  very  easy  to  achieve  spatial  scales 
approaching  the  fundamental  linear  systems  limit  of  optics 
and  much  smaller  than  those  available  from  imaging  systems 
at  the  same  wavelength.  For  an  exposure  with  two  coherent 
laser  beams  incident  on  a  wafer  at  angles  ±0  with  respect  to 
the  wafer  normal,  the  normalized  aerial  exposure  dose  is 
D(x)=  1  +  cos[2itoxsin(0)].  It  is  easy  to  access  angles  such 
that  sin  0-1  so  that  the  limiting  pitch  is  X/2  and  for  dense, 
1 : 1  line:space  patterns  the  limiting  critical  dimension  is  X/4 
or  —90  nm  at  I  line  (365  nm).  We  have  previously 
demonstrated5,6  line/space  and  hole/post  arrays  approaching 
this  limit.  These  patterns  have  utility  as  test  structures  for  the 
semiconductor  industry  as  well  as  other  applications  such  as 
field-emitter  arrays7  where  periodic  patterns  are  desired.  Us- 


3392  J.  Vac.  Sci.  Technol.  B  16(6),  Nov/Dec  1998  0734-21 1X/98/16(6)/3392/6/$1 5.00  ©1998  American  Vacuum  Society  3392 


3393 


X.  Chen  and  S.  R.  J.  Brueck:  Imaging  interferometric  lithography 


3393 


ing  additional  beams  in  a  single  exposure  and  overlaying 
multiple  exposures  allows  these  results  to  be  extended  to 
more  complex,  but  still  repetitive,  two-dimensional  (2D) 
patterns.8  Moire  alignment  techniques  have  been  developed 
and  demonstrated9  to  allow  mix-and-mismatch  patterns  be¬ 
tween  multiple  IL  levels  and  between  IL  and  OL  levels. 

However,  the  pattern  flexibility  of  IL  still  falls  far  short  of 
that  required  for  actual  ultralarge  scale  integration  (ULSI) 
levels  which  contain  very  large  numbers  of  spatial  frequen¬ 
cies  (~10'°  for  a  2X2  cm2  die  and  a  200  nm  dense  pitch). 
Imaging  interferometric  lithography10,11  (IIL)  is  a  newly  de¬ 
veloped  approach  that  integrates  the  best  features  of  OL  and 
IL  to  provide  the  arbitrary  pattern  capability  of  OL  with 
resolution  approaching  that  of  IL.  The  key  innovation  in  IIL 
is  to  replace  one  of  the  individual  plane  waves  of  IL  with  a 
large  number  of  spatial  frequencies  collected  with  mi  optical 
system.  Off-axis  illumination  is  used  to  downshift  the  high 
spatial  frequency  components  generated  with  a  mask  to  low 
frequencies  where  they  are  collected  within  the  lens  band¬ 
pass,  and  interference  with  the  remaining  plane  wave  of  IL 
along  with  the  square  law  intensity  response  of  the  photore¬ 
sist  resets  the  frequencies  at  the  wafer.  Multiple  exposures 
provide  coverage  of  a  sufficient  region  of  frequency  space  to 
achieve  a  faithful  image.  IIL  can  provide  the  highest  spatial 
frequencies  available  to  optics  while  still  retaining  the  capa¬ 
bility  of  OL  to  parallel  process  large  numbers  of  Spatial  fre¬ 
quencies  and  hence  provide  arbitrary  pattern  flexibility. 

IIL  is  a  wavelength  division  multiplex  (WDM)  approach 
to  lithography.  The  finite  lens  bandpass  is  overcome  by  mul¬ 
tiple  frequency  offsets,  recording  different  portions  of  fre¬ 
quency  space  in  each  exposure.  The  nonlinear  relationships 
between  electric  field  and  intensity,  both  in  the  scattering 
from  the  mask  and  the  exposure  of  the  photoresist  enable  the 
frequency  shifts  that  make  IIL  possible.  These  are  directly 
analogous  to  the  heterodyne  frequency  shifts,  enabled  by  ma¬ 
terial  nonlinearities,  familiar  from  communications.  The  in¬ 
dividual  exposures  are  (partially)  coherent;  the  summation  of 
intensities  from  multiple  exposures  in  the  resist  is  incoherent. 
Most  likely  in  an  engineered  manufacturing  system,  the  mul¬ 
tiple  exposures  necessary  for  IIL  would  be  accomplished 
within  a  single  pass  of  the  wafer  through  the  exposure  tool 
by  using  appropriate  combinations  of  time  gating  and  mul¬ 
tiple,  incoherent  optical  sources. 

Til  is  related  to  the  concept  of  optical  system  super- 
resolution  first  discussed  by  Lukosz.12  The  initial  concept 
used  multiple  gratings  to  diffract  different  portions  of  the 
image  frequency  content  simultaneously  into  the  lens  pass- 
band  and  to  rest  the  frequencies  after  the  lens.  Because  of  the 
simultaneous  interference  of  multiple  orders,  the  image  field 
was  limited  [striped  for  one-dimensional  (ID)  gratings, 
checkerboard  for  2D  gratings].  Fukuda  era/.13  recently 
evaluated  a  variant  of  this  idea  and  found  it  to  be  impractical 
because  of  the  limited  spatial  field  resulting  from  the  mul¬ 
tiple  grating  diffraction  orders  and  of  the  unacceptable  aber¬ 
rations  introduced  by  the  gratings  and  substrates. 

Von  Bunau  et  al.  have  analyzed14  and  demonstrated  a 
multiple  exposure  technique  to  improve  the  process  latitude 


t  _ l+f, _ 1 1  f. 


Fic.  1.  Imaging  interferometric  lithography  optical  system.  The  high  spatial 
frequency  components  (large  diffraction  angle)  of  the  mask  diffraction  are 
shifted  into  the  optical  system  passband  by  off-axis  illumination.  After  pass¬ 
ing  through  the  optical  system  these  frequency  components  are  reset  by 
interference  with  a  plane-wave  reference  beam  at  the  wafer  plane. 

and  depth-of-focus  for  isolated  features  within  the  spatial 
frequency  constraints  of  OL  systems.  We  demonstrate  that 
IIL  not  only  improves  the  process  latitude  but  also  extends 
the  spatial  frequency  coverage  of  an  optical  system.  For  the 
present  experiments,  with  a  very  limited  optical  system,  an 
improvement  of  ~3X  in  the  resolution  for  dense  features  is 
demonstrated.  Based  on  the  modeling  results,  a  resolution 
extending  out  to  the  linear  systems  limits  of  optics,  ~X/3  for 
arbitrary  structures  is  anticipated. 

The  next  section  provides  a  brief  Introduction  to  the 
theory  of  IIL  for  the  special  case  of  ccdiCTenL illumination. 
The  experimental  arrangement  and  results'||c  ,tfi:n  described. 
The  discussion  briefly  compares  IIL  to  oiler  RET  tech¬ 
niques.  Only  IIL  can  extend  the  frequency  coverage  out  to 
2/A.  and  achieve  the  limiting  resolution  of  optics. 

II.  IMAGING  INTERFEROMETRIC  LITHOGRAPHY 

In  spatial  frequency  space,  a  two-beam  IL  exposure  dose 
{D(x) = 2D„[  1  +  cos(2k„x  sin  6)]}  corresponds  to  three  delta 
functions  at  spatial  frequencies  of  0  and  ±2 kc  sin  ft  In  con¬ 
trast,  a  conventional,  normal-illumination,  coherent  OL  ex¬ 
posure  records  all  of  the  spatial  frequency  components 
within  a  circle  of  radius  k0 NA  centered  about  the  origin  with 
a  unity  modulation  transfer  function  (MTF).  While  the 
square-law  intensity  response  of  the  photoresist  results  in 
spectral  intensity  components  between  kcNA  and  2k„NA, 
any  high  frequency  information  corresponding  to  a  dense 
nanoscale  pattern  with  a  fundamental  frequency  above  k0NA 
is  entirely  lost.  Incoherent  or  partially  coherent  illumination 
change  the  details,  but  not  the  essence,  of  this  conclusion. 

Figure  1  shows  a  prototypical  IIL  optical  arrangement. 
Off-axis  illumination  with  a  coherent  plane  wave  is  used  to 
shift  the  high  spatial  frequency  content  of  the  image  diffrac¬ 
tion  into  the  lens  passband.  At  the  wafer,  a  plane-wave  ref¬ 
erence  beam  is  reintroduced  at  the  same  off-axis  angle  (ad¬ 
justed  for  any  demagnification).  By  virtue  of  the  square-law 
intensity  response  of  the  photoresist,  interference  between 
the  image  spatial  frequency  components  transmitted  through 
the  lens  and  the  reference  beam  resets  the  image  spatial  fre¬ 
quencies  at  the  wafer.  In  principle,  the  wafer  and  the  mask 
can  be  tilted  relative  to  the  optical  axis.  This  has  some  ad¬ 
vantages  in  terms  of  the  available  frequency  coverage,  but 
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the  disadvantage  of  using  the  lens  in  a  nontelecentric  fashion 
likely  overweighs  this  benefit.  For  simplicity,  only  a  configu¬ 
ration  with  the  wafer  and  the  mask  normal  to  the  optical  axis 
is  presented  here. 

The  intensity  at  the  wafer  is  described  as 

lx offse«(*.y)=  2  Fk„ky 


XMc(kx-koff;ky)eW*-k°«)x+kyy] 


=  l+/?22  2  2  2  Fk,,kf*k'  k'Mc{kx 
k*  *>  *;  *  J 

^off  iky)Mc(kx  koffiky') 

X  )x+{ky—k  >]+^  2  Fk> 

k  k  *  y 

XMc{kx-  k0ff;ky)  e + <I**X+ VI 

+  /?2  2  FtkMc(kx-kon-,ky)e-^+kyy\ 


where  Fk  k  is  the  electric-field  Fourier  component  of  the 
mask  diffraction  at  the  spatial  frequencies  kx  and  ky ;  Mc  is 
the  electric-field  MTF  of  the  optical  system  (  =  1  for 
yj(kx-k off)2  +  /c^  kD N A;  =  0  otherwise);  koff  is  the  x  di¬ 
rected  offset  in  the  spatial  frequencies  introduced  by  the  off- 
axis  illumination.  The  /?  term  represents  the  possibility  of 
adjusting  the  relative  intensities  of  the  diffracted  components 
passing  through  the  lens  to  the  reference  beam.  Initially,  we 
take  /?=  1 ;  the  added  flexibility  this  term  provides  is  dis¬ 
cussed  more  fully  below.  The  final  two  terms  in  Eq.  (1)  are 
the  desired  result.  The  image  Fourier  components  arising 
from  diffraction  of  the  illuminating  beam  at  the  mask  are 
downshifted  by  kofi.  All  of  those  within  a  circle  of  radius 
NA/X  pass  through  the  lens  (the  Mc  function)  and  are  up- 
shifted  back  to  the  original  spatial  frequency  ( kx  and  ky)  by 
interference  with  the  reference  beam.  Because  an  image  is 
positive  definite,  the  coverage  extends  to  two  conjugate 
circles  in  intensity  frequency  space  [in  analogy  with  the 
±2  k0  sin(0)  terms  in  IL]  even  though  only  a  single  sideband 
region  is  passed  by  the  lens.  Because  of  the  asymmetry  of 
the  single  sideband,  this  exposure  is  not  telecentric.  Telecen- 
tricity  could  be  recovered,  at  the  expense  of  additional  com¬ 
plexity,  by  incorporating  symmetrically  disposed  reference 
beams.  By  changing  the  offset  angle,  different  regions  of 
frequency  space  can  be  recorded  at  the  wafer  using  multiple 
exposures.  As  always,  the  square-law  photoresist  response 
also  results  in  additional  spectral  intensity  (the  constant  and 
the  low  frequency  intensity  convolution  term);  these  un¬ 
wanted  low  frequency  terms  effectively  decrease  the  contrast 
|  over  that  of  an  ideal  image.  This  is  very  similar  to  the  con¬ 
trast  reduction  in  conventional  imaging  as  the  Rayleigh  limit 
is  approached.  The  important  question  is  “is  the  contrast 
sufficient  to  achieve  the  necessary  CD  control.”  A  full  an- 


Fig.  2.  Modeling  for  a  complex  pattern  with  a  CD  of  130  nm  and  an  optical 
system  N  A  of  0.65.  The  left  column  shows  the  results  of  coherently  adding 
all  of  the  possible  frequency  components  within  the  linear  systems  limit  of 
optics  (|/c| <2it0).  The  top  panel  shows  the  real-space  image  which,  aside 
from  some  comer  rounding,  is  a  faithful  rendition  of  the  desired  pattern.  The 
bottom  panel  shows  the  corresponding  frequency-space  intensity  distribu¬ 
tion.  The  middle  column  shows  the  effect  of  a  conventional,  coherent  illu¬ 
mination  exposure.  The  low-pass  filter  characteristic  of  the  lens  eliminates 
the  high-spatial  frequencies  corresponding  to  the  dense  line-space  pattern. 
Finally,  the  right  column  shows  the  results  of  a  three-exposure  IIL  sequence. 

The  offset  exposures  restore  the  high  frequencies  and  a  good  image  is 
achieved.  The  regions  of  frequency  space  covered  by  the  various  exposures 
are  shown. 

swer  is  beyond  the  scope  of  this  article.  The  modeling  results 
suggest  that  ±5%  dose  control  will  be  adequate  for  a  130  nm 
CD  at  I  line;  however,  much  more  detailed  investigation, 
both  experimental  and  theoretical,  is  necessary  to  address 
this  question. 

Finally  a  full  IIL  exposure  sequence  consists  of  the  inco¬ 
herent  addition  of  as  many  as  three  exposures,  one  offset  in 
the  x  direction,  one  offset  in  the  y  direction,  and  a  third 
conventional  coherent  exposure  to  provide  the  low  frequency 
information,  viz., 

ftotal(-* V x  offset^?)  ^ y  offset!**)7)  ^^coh!**)7)* 

The  a  parameter  allows  adjustment  of  the  relative  spectral 
content  at  high  versus  low  frequencies.  This  will  be  dis¬ 
cussed  more  fully  below. 

A  simple  modeling  effort  adds  important  physical  insight. 
A  test  structure  containing  dense  and  sparse  lines  at  the  CD 
as  well  as  a  large  feature,  10XCD  on  a  side,  is  shown  on  the 
top  left  of  Fig.  2.  All  of  these  figures  are  for  a  130  nm  CD 
and  an  I  line  exposure  wavelength  with  a  lens  NA  of  0.65 
corresponding  to  an  effective  K\  (=CDXNA/X)  of  0.23.  This 
unit  cell  is  repeated  with  an  overall  size  of  40X40  CD2.  As 
will  be  discussed  below,  these  results  scale  directly  to  the 
much  lower  NA  and  larger  CD  used  in  the  first  experiments. 
Larger,  more  complex  patterns  at  the  same  CD  and  half-pitch 
contain  a  much  denser  array  of  spatial  frequencies  within  the 
same  regions  of  spatial  frequency  space.  To  first  order,  the 
photoresist  is  modeled  as  a  simple  threshold  filter,  only  areas 
exposed  to  fluences  above  a  threshold  are  developed.  While 
this  is  a  vastly  oversimplified  description  of  a  lithographic 
response,  it  gives  a  good  first  approximation  of  the  capabili¬ 
ties  of  IIL  without  requiring  detailed  photoresist  modeling. 
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For  reference,  the  left  column  of  the  figure  shows  two  views 
of  the  linear  systems  limits  of  optics— a  single  coherent  ex¬ 
posure  including  all  spatial  frequencies  extending  out  to  2/X 
with  a  unity  MTF.  This  cannot  be  realized  by  any  optical 
system,  but  serves  as  a  goal  for  super-resolution  techniques. 

The  top  left  shows  the  real-space  image;  the  bottom  left 
shows  the  corresponding  spatial-frequency-space  intensity 
pattern.  Aside  from  some  edge  comer  rounding,  the  real 
space  pattern  replicates  the  mask  pattern  very  well  (note  that 
this  is  for  a  dense  CD  of  130  nm  at  a  365  nm  exposure 
wavelength  or  ~X/3).  The  radius  2 k0  circle  bounding  the 
frequency-space  plot  represents  the  spatial  frequency  limit  of 
optics,  corresponding  to  sin  0—  1  for  an  interferometric  ex¬ 
posure.  Because  of  the  x-y  arrangement  of  the  features 
(Manhattan  geometry),  the  majority  of  the  intensity  lies 
along  the  kx  and  ky  axes.  The  peaks  at  high  frequency  along 
both  axes  correspond  to  the  spatial  frequency  of  the  dense 
line-space  features  at  the  CD  (the  nested  ells  ).  Most  of  the 
spectral  intensity  for  the  large  box  is  at  low  frequencies  but 
the  edge  definition  extends  out  to  high  spatial  frequencies. 

The  middle  column  of  Fig.  2  shows  the  result  of  a  single, 
coherent  OL  exposure  (normal  incidence  illumination).  The 
high  spatial  frequency  information  in  the  test  pattern,  corre¬ 
sponding  to  the  dense  lines,  is  cutoff  by  the  lens  restrictions 
as  is  bom  out  by  the  spatial  frequency  plot.  The  result  is  a 
single,  nondescript  feature.  No  refinement  of  the  process 
(i.e.,  lower  *,)  can  give  the  desired  result;  the  necessary  high 
spatial  frequency  information  is  simply  not  present  in  the  OL 

image.  • 

In  contrast,  the  right  column  of  Fig.  2  shows  the  same 
views  of  the  result  of  a  three-exposure  1IL  process.  Two 
offset  exposures  [horizontal  and  vertical  each  centered  near 
the  maximum  spatial  frequency  offset  possible  (*0)  for  the 
optical  configuration  of  Fig.  1]  provide  the  high  spatial  fre¬ 
quencies  that  were  missing  from  the  conventional  optical 
exposure.  The  spectral  regions  covered  in  each  exposure  are 
indicated  in  the  Fourier  space  view.  The  undulations  along 
the  (real  space)  feature  edges  are  due  to  the  extra  low  fre¬ 
quency  components  that  accompany  the  offset  exposures  [the 
first  two  terms  in  Eq.  (1)]  and  to  the  still  incomplete  cover¬ 
age  of  frequency  space.  The  x-y  distribution  of  spatial  fre¬ 
quencies  is  typical  of  Manhattan  geometries;  it  is  not  neces¬ 
sary  to  completely  cover  Fourier  space  to  get  a  good  image. 

The  analysis  also  shows  that  there  is  a  substantial  process 
window  (>10%);  more  detailed  modeling  and  experimenta¬ 
tion  are  necessary  to  verify  this  preliminary  conclusion. 
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Fig  3  Optical  system  used  for  the  experiments.  The  lenses  were  simple 
achromatic  doublets  with  a  geometrical  NA  of  0.125.  A  pupil-plane  filter 
was  used  to  restrict  the  NA  to  0.04  to  provide  a  more  nearly  diffraction 
limited  image.  The  two  small  holes  cut  into  the  pupil  plane  filter  to  pass  the 
offset  reference  beams  for  the  1IL  exposures  are  also  indicated. 


III.  EXPERIMENTAL  ARRANGEMENT 

Our  first  demonstration  of  1IL  was  carried  out  at  I-line 
wavelengths  using  a  single  longitudinal  mode,  TEMqq  Ar-ion 
laser  source  at  364  nm.  The  illumination  system  consisted  of 
a  20X  microscope  objective  and  a  20  pm  pinhole  followed 
by  a  50  cm  focal  length  collimating  lens  overfilling  the  6X6 
cm2  reticle.  The  binary  chrome-on-glass  reticle  consisted  of 
repetitive  patterns  as  in  Fig.  2  in  four  quadrants  at  CDs  of  2, 
3,  4,  and  5  pm.  The  1  X-imaging  system  consisted  of  two 
simple  achromatic  doublet  lenses  (geometrical  NA  of  0.125) 


stopped  down,  with  an  aperture  in  the  Fourier  plane,  to  a  NA 
of  0.04  to  assure  nearly  diffraction-limited  operation  (Fig.  3). 
Because  the  geometric  NA  of  the  optical  system  extended 
well  beyond  the  usable,  nearly  diffraction-limited  NA,  it  was 
possible,  in  these  first  demonstration  experiments,  to  use  the 
higher  NA  portions  of  the  lens  to  transmit  the  off-axis  refer¬ 
ence  beams.  The  offset  illumination  angle  was  chosen  such 
that  the  fundamental  spatial  frequency  of  the  dense  2  pm  CD 
pattern  (1/4  /tm-1)  passed  through  the  center  of  the  lens 
aperture.  For  a  IX  optical  system  the  required  reference 
beam  angle  at  the  wafer  is  the  same  as  the  offset  illumination 
angle  and  corresponds  to  an  NA  of  0.09.  Because  of  the  lens 
aberrations  at  this  high  NA,  the  reference  wave  front  was 
distorted  in  the  wafer  plane,  as  monitored  with  a  shearing 
interferometer,  corresponding  to  a  spatially  varying  align¬ 
ment  error.  The  interferometric  reference  beams  for  the  off¬ 
set  exposures  were  passed  through  small  (~300  /on  diam¬ 
eter)  holes  in  the  pupil  plane  aperture  stop.  In  practice,  the 
illumination  angle  was  adjusted  until  the  zero-order  beam 
was  transmitted  through  the  small  hole  in  the  aperture  plane. 
Multiple  exposures  were  accomplished  simply  by  blocking 
and  unblocking  portions  of  the  illumination  beam.  Since  the 
mask  and  wafer  were  not  moved  between  exposures  and  a 
single  optical  system  imaged  both  the  signal  and  reference 
portions  of  the  image,  no  additional  alignment  was  neces¬ 
sary.  Exposures  were  on  0.25-/xm-thick  photoresist-coated 
(Shipley  510L  diluted  1:1  with  thinner)  Si  wafers. 

IV.  EXPERIMENT 

Figure  4  shows  the  results  of  a  conventional  (normal  in¬ 
cidence)  coherent  exposure  for  the  3,  4,  and  5  pm  CD  struc¬ 
tures.  The  high  frequency  components  of  the  3  pm  structure 
are  eliminated  by  the  lens  leaving  only  an  outline  of  the  total 
structure.  While  some  structure  is  evident  for  the  4  pm  CD 
structure,  there  is  insufficient  resolution  to  define  the  pattern. 
The  5  pm  CD  structure  is  almost  resolved.  This  pattern  is 
characteristic  of  a  coherent  optical  system  just  at  cutoff.  The 
fundamental  frequency  defining  the  line:space  patterns  is 
transmitted  by  the  optical  system  but  the  slightly  higher  fre- 
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Fig.  4.  Experimental  determination  of  the  optical  system  resolution  for  con¬ 
ventional,  coherent  illumination.  Patterns  are  the  same  as  Fig.  2  with  CDs  of 
3, 4,  and  5  yum.  The  pattern  for  the  5  yum  CD  is  characteristic  of  a  coherently 
illuminated  optical  system  just  at  cutoff.  The  resolution  is  estimated  at  a 
dense  6  /mi  CD  corresponding  to  a  k]  of  0.66. 


quencies  necessary  to  define  the  edges  and  corners  of  the 
structures  are  blocked  by  the  low-pass  characteristic  of  the 
optical  system.  Thus,  for  a  conventional  coherent  illumina¬ 
tion  exposure,  we  estimate  that  this  optical  system  has  a 
resolution  of  ~6  /xm;  this  corresponds  to  a  Kj-0.66  in  good 
agreement  with  the  standard  resolution  formula  [Eq.  (1)]. 

The  exposure  results  for  the  2  /xm  CD  pattern  are  shown 
in  Fig.  5.  The  top  left  panel  shows  the  result  of  a  conven¬ 
tional,  coherent  OL  exposure.  The  pattern  is  in  good  quali¬ 
tative  agreement  with  the  model  calculation  shown  on  the 
bottom  left  panel  of  the  figure.  Also  note  the  similarity  be¬ 
tween  the  model  calculation  of  Fig.  2  (/ci  =  0.23)  and  that  of 
Fig.  5  (ac^O.22).  The  middle  column  shows  the  result  of 
the  two  offset  exposures  without  the  low  frequency  expo¬ 
sure.  Now  the  dense  patterns  are  evident,  but  the  large  lower 
right  box  is  absent.  Note  that  this  image  is  reversed,  in  the 
top  image  the  photoresist  has  been  removed  everywhere  ex¬ 
cept  in  the  pattern,  in  this  image,  because  the  low  frequency 
spatial  components  are  not  present,  the  photoresist  is  unex¬ 
posed  everywhere  except  for  the  spaces  in-between  the  nar¬ 
row  lines.  Again,  there  is  good  qualitative  agreement  with 
the  model  calculations.  To  speed  up  the  model  calculation  a 
pixel  size  of  CD/12  was  used  which  results  in  the  jagged 
edges  which  would  be  smooth  curves  with  a  finer  grid.  Fi¬ 
nally,  the  right  column  shows  the  result  of  all  three  expo- 


Fig.  5.  Exposure  results  (top)  and  model  calculations  (bottom)  for  a  2  /tm 
CD  pattern  and  an  optical  system  NA  of  0.04.  The  left  column  is  the  result 
of  a  conventional,  coherent  illumination  exposure.  The  middle  column 
shows  the  result  of  the  two  offset  exposures  without  the  low  frequency 
exposure;  and  the  right  column  shows  the  result  of  a  three-exposure  IIL 
sequence.  The  resolution  has  been  improved  by  3X  over  conventional  illu¬ 
mination  with  an  effective  of  0.22. 


Fig.  6.  Similar  results  for  a  3  yum  CD  structure  from  a  different  portion  of 
the  reticle  imaged  in  the  same  exposure  as  the  2  yum  CD  structure  shown  in 
Fig.  2  demonstrating  that  a  large  region  of  frequency  space  is  covered  in  the 
IIL  exposures. 


sures.  There  is  a  good  image  of  the  entire  pattern  as  expected 
from  the  model  calculations.  The  resolution  of  the  optical 
system  has  been  increased  by  ~3X  from  6  /xm  for  a  single 
exposure  to  2  /xm  for  an  IIL  exposure  sequence,  correspond¬ 
ing  to  an  effective  kx  of  0.22. 

Comparable  results  were  obtained  for  the  3  /xm  CD  pat¬ 
terns  in  a  different  portion  of  the  field  in  the  same  exposure 
sequence  as  shown  in  Fig.  6  illustrating  that  a  wide  range  of 
spatial  frequencies  are  simultaneously  transferred  from  the 
mask  to  the  image.  Note  that  for  the  particular  exposure  lev¬ 
els  used,  the  outline  of  the  large  box  is  beginning  to  be 
visible  in  the  middle  column  (two  offset  exposures  only). 
This  is  directly  analogous  to  the  time  domain  response  of  a 
simple  high-pass  RC  filter  which  transmits  spikes  only  at  the 
leading  and  trailing  edges  of  a  long  pulse. 

V.  SUMMARY  AND  CONCLUSIONS 

Imaging  interferometric  lithography  eases  many  of  the 
constraints  that  are  putting  pressure  on  conventional  optical 
lithography  and  offers  a  path  to  ultimate  linear  systems  limits 
of  optics  that  extend  to  dense  CDs  of  X/3  for  arbitrary  pat¬ 
terns.  Additionally,  IIL  eases  rather  than  compounds  the 
mask  problem.  For  the  exposure  scheme  outlined  here,  the 
mask  requirement  is  simply  a  faithful  binary  chrome-on- 
glass  rendition  of  the  desired  pattern,  reduction  optics  are 
applicable  and  there  is  no  requirement  for  either  the  optical 
proximity  correction  or  the  phase-shift  control  that  are  mak¬ 
ing  current  mask  requirements  so  difficult. 

Because  the  image  is  printed  in  multiple  exposures,  there 
are  additional  degrees  of  freedom  that  are  not  available  in 
traditional  optical  lithography.  The  parameters  that  charac¬ 
terize  the  various  exposures  include  the  offset  spatial  fre¬ 
quency  [fc0ff »  Eq*  P)],  the  relative  exposure  dose  for  the  high 
and  low  frequency  components  [a,  Eq.  (3)],  and  the  relative 
field  strength  of  the  offset  reference  beams  [fi~\  Eq.  (2)]. 
Each  of  these  parameters  impacts  aspects  of  the  final  image 
including  the  fine  pattern  details  and  the  process  latitude  (CD 
control).  A  full  discussion  of  these  effects  is  beyond  the 
scope  of  this  article  and  will  be  presented  elsewhere.  For 
example,  the  contours  of  Fig.  2  were  calculated  for  a  >8  of  3 
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Fig.  7.  Spatial  frequency  space  plot  corresponding  to  the  experiment.  Note 
that  the  fundamental  frequency  of  the  dense  4  /rm  CD  features  is  in  the  gap 
between  the  low  and  high  frequency  exposures.  Consequently,  the  4  ^m 
pattern  did  not  print  in  these  experiments. 


to  increase  the  high  spatial  frequency  components  relative  to 
the  low  frequencies.  The  experimental  results  of  Figs.  5  and 
6  were  obtained  with  f3=  1  and  ar=0.8. 

Perhaps  the  largest  variation  can  be  obtained  by  varying 
the  offset.  In  Fig.  2,  the  offset  circles  in  frequency  space 
overlap  slightly  with  the  low  frequency  exposure.  In  the  cal¬ 
culation,  a  pupil  plane  filter  was  assumed  to  avoid  double 
counting  of  the  spatial  frequency  components  in  the  overlap 
regions.  As  an  aside,  this  overlap  is  what  limits  the  resolu¬ 
tion  of  off-axis  illumination  approaches  by  giving  more 
weight  (higher  MTF)  to  the  low  frequency  components.  For 
the  experiment,  the  offset  angle  (corresponding  to  an  NA  of 
0.09)  was  over  twice  the  optical  system  NA  of  0.04,  so  that 
there  was  a  gap  between  the  circles  as  shown  in  Fig.  7.  This 
offset  was  chosen  to  place  the  fundamental  spatial  frequency 
of  the  dense  2  /zm  CD  structures  in  the  center  of  the  lens  for 
the  offset  exposure.  The  4  fum  CD  patterns  did  not  print  in 
this  exposure  because  the  fundamental  spatial  frequency  of 
the  dense  4  /an  CD  pattern,  corresponding  to  a  NA  of  0.045, 
fell  within  the  gap.  In  this  case,  a  small  change  in  the  offset 
angle  to  provide  overlap  between  the  spatial  frequency  space 
covered  in  each  exposure  would  ensure  that  all  features  were 
printed.  Finally,  only  those  Fourier  components  printed  in 
each  exposure  need  be  provided  by  a  specific  mask;  a  set  of 
simplified  masks  (larger  features)  can  be  substituted  for  a 
complete  mask. 

As  discussed  in  the  introduction,  all  of  the  current  RET 
techniques  enhance  the  spatial  frequency  content  between 
NA/X  and  2NA/X.  OPC  uses  subresolution  features  to  in¬ 
crease  these  spectral  intensities,  and  then  suffers  a  differen¬ 
tial  attenuation  in  the  optical  system  resulting  in  a  closer 
|  match  to  the  desired  spectral  intensities  in  the  final  image. 
PSMs  introduce  subharmonic  features  in  the  mask  (e.g.,  al¬ 
ternating  phase  shifts)  arranged  so  as  to  reduce  the  zero- 
order  intensity  and  enhance  the  frequency  components  at 
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±//2  which  then  interfere  using  the  resist  square-law  re¬ 
sponse  to  produce  a  pattern  at/  which  can  extend  to  2NA/X. 

OAI  is  most  closely  related  to  1IL.  The  limitation  of  passing 
the  off-axis  beams  through  the  imaging  lens  constrains  the 
maximum  spatial  frequency  to  2NA/X.  The  effective  MTF  is 
decreased  at  higher  spatial  frequencies  because  of  the  mul¬ 
tiple  counting  of  the  lower  frequencies.  Only  IIL  offers  the 
possibility  of  extending  the  frequency  response  beyond 
2NA/X  to  the  linear  systems  limit  of  4/X  thereby  allowing 
smaller  feature  definition  while  still  retaining  the  arbitrary 
pattern  capabilities  of  imaging. 

It  is  important  to  recognize  that  the  multiple  incoherently 
summed  exposures  do  not  imply  multiple  passes  through 
multiple  steppers.  All  of  the  exposures  could  be  accom¬ 
plished  simultaneously  simply  by  using  multiple,  mutually 
incoherent,  laser  sources.  The  optical  system  will  necessarily 
be  more  complex  than  existing  imaging  systems,  but  once 
engineered  and  aligned  the  complexity  of  IIL  is  transparent 
to  the  operator  and  the  system  throughput  is  unaffected.  In¬ 
deed,  today’s  quadrupole  off-axis  illumination  schemes  in 
effect  provide  an  incoherent  summation  of  four  simultaneous 
partially  coherent  exposures,  closely  related  to  the  require¬ 
ments  of  IIL. 

The  access  to  different  parts  of  spatial  frequency  space 
allows  application  of  much  of  the  apparatus  of  linear  systems 
theory  that  has  been  so  successful  in  communications  and 
image  processing  applications.  These  will  be  discussed  in  a 
future  publication  along  with  a  more  detailed  analysis  of  the 
effects  of  the  various  parameters  on  the  lithographic  results. 
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Photoresponse  measurement  of  MSMPD 


Time  (ps) 


CWH3  Fig.  2.  Photoresponse  ofMSM  photodetectors  for  three  different  epi-stmetures. 
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MBE  growth  of  laterally  antiphase- 
patterned  GaAs  films  using  thin  Ge 
layers  for  waveguide  mixing 

Loren  A.  Eyres,  Christopher  B.  Ebert, 

Martin  M.  Fejer,  James  S.  Harris,  Jr.,  Solid 
State  and  Photonics  Laboratory ;  Stanford 
University,  Stanford ,  California  94305-4090 

QPM  frequency  conversion  in  waveguides  has 
proven  useful  for  both  mid-IR  generation  and 
wavelength  division  multiplexing  (WDM) 
wavelength  shifting  using  both  semiconductor 
and  ferroelectric  materials.1-3  Semiconductor 
devices  are  attractive  for  these  applications  be¬ 
cause  of  their  large  nonlinear  susceptibilities 
(120  pm/V),  wide  transparency  range,  and  po¬ 
tential  integration  with  pump  lasers,  but  to 
date  semiconductor  waveguide  device  perfor¬ 
mance  has  been  limited  by  waveguide  losses  in 
the  near-IR,  attributed  to  optical  scattering 
from  fabrication-induced  waveguide  corruga¬ 
tions.  Where  previous  technology  has  em¬ 
ployed  semiconductor  wafer  fusion  to  fabri¬ 
cate  an  orientation  template  that  then  serves  as 
a  substrate  for  epitaxial  regrowth  of  an 
orientation-patterned  waveguide,  we  have  de¬ 
veloped  a  technique  for  all -epitaxial  fabrica¬ 
tion  of  orientation- patterned  GaAs  templates 
that  has  the  potential  to  reduce  surface  corru¬ 
gations  and  associated  waveguide  losses  in 
nonlinear  devices  grown  on  these  substrates. 

This  technique  takes  advantage  of  polar- 
on-nonpolar  epitaxy  by  introducing  a  thin 
lattice-matched  Ge  layer  between  the  substrate 
and  a  top  GaAs  film.  The  lower  crystal  symme¬ 
try  of  the  GaAs  relative  to  the  Ge  makes  pos¬ 
sible  the  nucleation  on  a  Ge  surface  of  two 
different  GaAs  orientations,  which  differ  by  a 
crystal  inversion.  By  controlling  the  orienta¬ 
tion  of  the  top  GaAs  layer  using  a  combination 
of  substrate  misorientation,  growth  tempera¬ 
ture,  and  arsenic  species,  we  force  the  top  GaAs 
layer  to  grow  antiphase  relative  to  the  underly¬ 
ing  GaAs  substrate,  as  illustrated  in  the  top 
diagram  of  Fig.  1.  We  have  observed  the  high¬ 
est  quality  antiphase  GaAs  films  using  (100) 


GaAs  substrates  misoriented  4°  off  toward 
(lll)B  and  a  tetrameric  As  flux.  We  used  30- 
A-thick  Ge  layers,  though  this  can  be  reduced 
below  20  A.  Reflection  high-energy  electron 
diffraction  (RHEED)  patterns  from  the  GaAs 
films  and  anisotropic  etching  confirm  that  the 
top  GaAs  layers  are  antiphase  to  the  substrate 
with  the  exception  of  small  antiphase  domains 
(APDs),  which  Nucleate  at  the  Ge  surface  layer 
and  annihilatMuring  GaAs  growth. 

Using  thisitructure,  we  have  performed 
lithography  an^  wet  chemical  etching  to  etch 
through  the  top  GaAs  and  Ge  layers  and  expose 
the  substrate  inm|(  cted  regions,  leaving  a  tem¬ 
plate  with-5moQu&  ted  orientation  across  the 
surface,  imj  the  outline  of  Fig.  1.  Per¬ 
forming)^^  r  beam  epitaxy  (MBE)  re- 
growth  <id  this  template,  we  have  grown  later¬ 
ally  rotation-patterned  1.5-pm-thick  GaAs 
films.  Smooth  surfaces  are  observed  for  both 
GaAs  orientations,  though  some  disorder  is 
visible  at  the  antiphase  boundary  (APB)  be- 
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CWH4  Fig.  1.  Outline  of  orientation- 
patterned  GaAs  fabrication  process  using  thin  Ge 
layers. 


tween  the  two  different  orientations,  which  n  ' 
traceable  to  roughness  on  the  template  ed« 
after  wet  chemical  etching.  Improved  etchm* 
uniformity  should  minimize  this  limitation. 

In  summary,  we  have  developed  an  all- 
epitaxial  technique  to  fabricate  orientation- 
patterned  GaAs  films.  This  technique  could 
make  possible  orientation- patterned  wave- 
guide  devices  with  extremely  small  (<  100  A) 
corrugations  and  thereby  reduce  associated 
waveguide  losses  in  these  devices,  as  scattering 
losses  scale  nonlinearity  with  corrugation  am¬ 
plitude. 
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Anomalous  temperature  behavk  and 
band  tailing  in  InGaN/GaN 
heterostructures  grown  on  sappMre  by 
MOCVD 

Marek  Osiriski,  Petr  G.  Eliseev,  Piotr  Perlin, 
Jinhyun  Lee,  Hisao  Sato,* 

Tomoya  Sugahara,*  Yoshiki  Naoi,* 

Shiro  Sakai,*  Center  for  High  Technology 
Materials ,  University  of  New  MexicOt  1313 
Goddard  SE,  Albuquerque,  New  Mexico  87106; 
E-mail :  osinski@chtm.unm.edu 

InGaN  is  very  attractive  as  the  active  region 
material  for  optoelectronic  devices  emitting 
near-UV  and  blue/green  light.1  However,  in 
spite  of  tremendous  progress  in  realization  of 
GaN/InGaN/AlGaN  light-emitting  diodes  and 
diode  lasers,  the  underlying  fundamental  pro¬ 
cesses  of  carrier  recombination  in  InGaN  are 
still  poorly  understood.  For  example,  contro¬ 
versies  surround  the  role  of  localized  excitons 
in  optical  gain,  or  self-formation  of  quantum 
dots  in  InGaN.  Light  emission  from  single¬ 
quantum-well  (SQW)  blue  and  green  light- 
emitting  diodes  (LEDs)  was  studied  exten¬ 
sively,  and  it  was  shown  that  their  unusual 
temperature,  current,  and  hydrostatic  pressure 
behavior  was  consistent  with  involvement  of 
density-of-states  (DOS)  band  tails  in  the  opti¬ 
cal  emission  process.2  In  this  paper,  we  dem¬ 
onstrate  that  thicker  InGaN/GaN  heterostruc¬ 
tures  exhibit  behavior  similar  to  that  observed 
in  SQW  LEDs. 

Samples  under  study  were  grown  on  (0001 ) 
sapphire  substrates  by  atmospheric-pressure 
metal-organic  chemical-vapor  deposition 
(MOCVD).  A  low-temperature  AlGaN  buffer 
layer  was  grown  at  500°C,  followed  by  a  -0.4- 
p.m- thick  GaN  layer  grown  at  1050°C,  and  a 
InGaN  layer  grown  at  800°C.  Thickness  and 
composition  of  In^Ga^N  layers  varied  from 
20  to  1 10  nm  and  from  x  =  0.06  to  x  -  0.09, 
respectively.  Growth  of  single-heterostructure 
samples  was  stopped  at  that  point,  while  an 
additional  0.1-p.m-thick  cap  layer  of  GaN  was 
grown  at  1050°C  for  double-heterostructure 
(DH)  samples.  All  layers  were  nominally  un¬ 
doped. 
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Qftl3  Fig.  1.  Temperature  evolution  of  PL 
igtn  from  a  GaN/lnGaN/GaN  DH  sample  with 
^oni'thick  InGaN  layer;  325-nm  line  of  He-Cd 
0  was  used  to  excite  the  luminescence.  Inci¬ 
te!  power  was  4.5  mW,  focused  to  a  50-p.m- 
funetcr  spot. 


CWH5  Fig.  2.  Experimental  (circles)  and  cal¬ 
culated  (solid  line)  variation  of  the  peak  photon 
energy  of  InGaN  emission  with  temperature. 
Note  that  the  blueshift  in  the  30-100  K  interval  is 
opposite  to  InGaN  bandgap  variation  with  tem¬ 
perature. 


PL  spectra  (cf.  Fig.  1)  display  a  characteris¬ 
tic  anomaly  observed  previously3  in  SQW 
LEDs:  the  InGaN  edge  emission  shifts  towards 
the  blue  with  increasing  temperature,  while  the 
GaN  edge  emission  undergoes  a  redshift,  con¬ 
sistent  with  thermal  variation  of  the  bandgap 
energy. 

The  blueshift  of  InGaN  emission  under 
nondegenerate  conditions  can  be  explained  as¬ 
suming  the  radiative  transitions  occur  between 
states  located  below  the  bandgap.  In  the  sim¬ 
plest  case,  these  states  can  be  represented  as 
Gaussian  band  tails,  leading  to  temperature- 
dependent  peak  photon  energy  as  shown  in 
Fig.  2,  with  cr2  =  ae2  +  ah2,  where  ae2  and  ah2 
are  the  dispersions  of  electron  and  hole  tails  of 
the  DOS,  respectively.  The  term  -a2/kBT  pro¬ 
duces  a  Stokes- type  shift  of  the  peak  relative  to 
its  nominal  position  at  the  bandgap  energy.4 
Note  that  the  fitting  parameters  Eo(0),  a,  and  (3 
shown  in  Fig.  2  agree  very  well  with  expected 
values  of  InGaN  bandgap  at  0  K  and  Varshni 
parameters  describing  the  temperature  varia¬ 
tion  of  the  bandgap. 

At  temperatures  lower  than  30  K,  PL  peak 
position  is  affected  by  degeneracy  of  the  level 
occupation  and  is  sensitive  to  the  pumping 
intensity  even  at  low  excitation  rates.  The  blue¬ 
shift  evolves  into  a  redshift  above  —  1 00  K,  as 
predicted  by  the  model. 

The  parameter  a  describes  inhomogeneous 
edge  broadening  caused  by  the  band  tails.  The 
nature  of  this  broadening  may  relate  to  the 


high  density  of  structural  defects  (disloca¬ 
tions)  and/or  to  fluctuations  of  local  alloy 
composition.  Also,  dislocations  may  be  pinned 
by  In  segregation  in  their  vicinity,  thus  provid¬ 
ing  local  variations  in  the  bandgap.  Edge-type 
dislocations  can  themselves  produce  bandgap 
variations  due  to  hydrostatic  pressure  effects  in 
the  elastic-stress  field  that  surrounds  them. 
Previous  estimates5  indicate  that  dislocation 
density  of  -  10y  cm-2,  quite  typical  for  nitride 
materials,  should  be  sufficient  to  explain  the 
value  of  10  meV  for  a. 
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Low-temperature  scanning  tunneling 
microscope-induced  luminescence  of 
GaN 
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The  GaN  system  is  of  great  interest  for  opto¬ 
electronic  applications  in  the  blue  spectral  re¬ 
gion.  Blue  light-emitting  diodes  and  GaN- 
based  lasers  have  been  developed  in  spite  of 
high  dislocation  densities  and  luminescence 
from  deep  states.  Such  issues  prompted  an  on¬ 
going  interest  in  spatially  resolved  cathodolu- 
minescence  (SRCL)  studies  of  the  system.  For 
example,  SRCL  results  suggest  that  yellow  lu¬ 
minescence  is  associated  with  the  presence  of 
extended  defects  and  specifically  with  the  exis¬ 
tence  of  low  angle  grain  boundaries.1 

Such  studies  are  traditionally  performed  by 
fitting  a  scanning  electron  microscope  (SEM) 
with  collection  optics.  Scanning  tunneling 
microscope-induced  luminescence  (STL)  of¬ 
fers  an  increased  spatial  resolution  and  an  ac¬ 
curate  control  of  the  injection  bias.  These  ad¬ 
ditional  advantages  show  great  potential  for 
nanoscale  studies  of  GaN  luminescence. 

The  STL  of  metal-organic  chemical-vapor 
deposition  (MOCVD)  and  molecular  beam 
epitaxy  (MBE) -grown  GaN  was  first  reported 
in  Garni  et  alz  and  Envoy  er  respectively. 
Furthermore,  recent  STL  results  support  the 
increase  of  defect  luminescence  at  grain 


boundaries.4  These  studies  were  performed  at 
room  temperature  and  did  not  include  maps  of 
the  photon  emission.  We  will  present  the  STL 
of  MBE-grown  material  using  a  liquid  helium 
(LHe)  cooled  UHV  scanning  tunnel  micro¬ 
scope  (STM)  and  will  discuss  luminescence 
images  at  various  wavelengths.  To  our  knowl¬ 
edge,  this  is  the  first  report  of  low-temperature 
STL  of  GaN.  We  also  complement  our  STL 
study  using  low-temperature  SEM-induced 
cathodoluminescence  (SEM-CL). 

Experiments  were  performed  on  Si-doped 
(n-type)  a-GaN  films  grown  on  sapphire  by 
MBE.  Doping  concentrations  in  the  range  of 
n  -  1018  to  IQ19  cm"3  were  used.  SEM-CL 
reveals  submicrometer  features  and  evidence 
of  small  quantities  of  cubic  crystallites  in  some 
samples.  At  T=14°K,  the  near-band  edge 
(D°X)  transition  dominates  the  spectra,  with 
yellow  luminescence  below  the  detection  limit 
A  low-temperature  STM  was  also  used  for 
the  in  jection  of  carriers.  As  reported  in  Garni  et 
fll,2  luminescence  intensity  follows  a  parabolic 
increase  with  positive  tip  bias.  No  lumines¬ 
cence  is  observed  at  negative  tip  polarity,  as 
expected  from  n-doped  material. 

Preliminary  spectroscopic  analysis  involv¬ 
ing  band-pass  filters  s  ggest  near  band-edge 
emission,  as  well  as  emission  covering  the  vis¬ 
ible  range.  Nanocrysi  .  Hites  similar  to  those 
observed  in  SEM-CL  a  ;e  apparent  in  both  to¬ 
pographic  and  lumine  cence  images.  We  will 
present  luminescence  images  of  various  wave¬ 
lengths  and  correlate  these  findings  with  the 
issues  described  above. 
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ABSTRACT 


Selective  overgrefwth  method  has  been  used  to  grow  GaN  epitaxial  layers  by 
metUorganic  che  ru'pal  v4x>r  deposition  (MOCVD)  and  sublimation  technology.  MgO,  Si 
anf'Si02,  which  have  liferent  thermal  conductivities  and  thermal  expansion  coefficients, 
hafre  been  chosen  as  itavk  materials.  The  microstructure  of  selectively  grown  GaN  and 
the  i  lateral  growth  mechanisms  of  sublimation  and  MOCVD  hS  ve  also  been  investigated 
by  transmission  electron  microscopy  (TEM)  and  scanning  electron  microscopy.  The 
effect  of  different  mask 'materials  on  reduction  of  dislocation  density  is  discussed.  The 
experimental  results  indicate  that  Si  is  the  best  mask  material  for  GaN  lateral  overgrowth. 
The  dislocation  d£j|s^fv  ir  about  109  cm-2  above  the  window  areas,  and  it  is  reduced  to  106 
cm*2  in  the  lateral  wth  region  above  the  Si  mask. 

Key  words:  GaN,  MOCK'D,  Sublimation,  Lateral  overgrowth 


1.  INTRODUCTION 


Lateral  overgrowth  Mr:  been  vigorously  studied  recently  as  a  method  of  reducing  the 
dislocation  density  in  GaN  grown  on  sapphire  or  6H-SiC(0001)  substrates  [l]-[8].  The 
most  commonly  cl^isen  mask  material  is  Si02.  However,  the  very  low  thermal 
conductivity  of  SiO^kmd  large  mismatch  in  thermal  expansion  coefficients  with  GaN  are 
serious  problems  when  lateral  growth  temperature  of  GaN  is  about  1050  °C.  For  this 
reason,  we  have  considered  alternative  mask  materials.  According  to  the  data  listed  in 
Table  I,  both  Si  and  MgO  have  large  thermal  conductivities,  about  107  and  44  times 
larger  than  that  of  Si02,  respectively,  and  comparable  to  that  of  GaN.  In  addition,  the 
thermal  expansion  coefficient  mismatch  of  Si/GaN  and  MgO/GaN  is  smaller  than  that  of 
Si02/GaN.  Thus,  it  is  of  interest  to  investigate  Si  and  MgO  as  alternative  mask  materials 
for  lateral  overgrowth  of  GaN. 
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Table  I:  Key  parameters  of  GaN  and  relevant  mask  materials 


Material 

Lattice  parameters  [A] 

Thermal  conductivity 
[W/cmK] 

Thermal  expansion 
coefficients  [lO^K'1] 

GaN 

a  =  3.189,  c  =  5. 185 

1.3 

along  a:  5.59; 
along  c:  3.17 

Si02 

amorphous 

0.014 

0.5 

MgO 

o  =  4.216 

0.6 

10.5 

Si 

o  =  5.4301 

1.5 

3.59 

For  the  lateral  overgrowth  of  GaN,  the  coalescence  of  the  layer  is  dependent  on  the 
width  and  direction  of  stripe  window  opening  in  the  mask  material.  Nakamura  et  al.  [2] 
have  reported  that  in  order  to  achieve  an  overgrown  GaN  layer  with  flat  surface  over  the 
entire  substrate,  as  much  as  20-ja.m  thick  GaN  layer  had  to  be  grown  by  metalorganic 
chemical  vapor  deposition  (MOCVD).  In  that  case,  4-pm-wide  stripe  windows  with  5  pm 
spacers  oriented  along  the  <1 100>  direction  of  GaN  were  opened  in  a  l-pm-thick  Si02 
mask.  Even  thicker  GaN  layer  (up  to  100  pm)  grown  on  a  partly  covered  GaN  with  Si02 
mask  was  reported  very  recently  [5].  The  device  structure  was  then  fabricated  on  top  of 
that  layer.  In  view  of  the  high  cost  of  growing  thick  epitaxial  layers  by  MOCVD  due  to 
their  low  growth  rate,  this  approach  might  result  in  prohibitively  expensive  wafers  not 
suitable  for  commercial  production.  It  is  therefore  important  to  explore  other  possible 
approaches  to  growing  thick  epitaxial  layers  th|tH‘rould  not  carry  a  high-cost  overhead. 

Sublimation  method  is  a  promising  techni(|jje  for  growth  of  bulk  GaN  crystals  or 
thick  GaN  films  on  crystalline  substrates.  In  our  previous  research  work,  we  have  grown 
bulk  crystals  of  the  maximum  size  of  about  3  nun  in  length  and  0.8  mm  in  diameter  [9], 
[10].  Compared  to  MOCVD,  the  sublimation  technique  is  very  attractive  for  lateral 
overgrowth  due  to  very  fast  growth  rate  [9)-[ll].  Sublimation  growth  apparatus  is 
relatively  simple  and,  since  it  is  an  atmospheric  process,  the  scale  up  is  easier.  It  is  also  an 
inexpensive  process,  because  the  sources  are  only  metallic  gallium  and  a  small  amount  of 
NH3  gas,  while  the  growth  rate  is  very  large.  In  general,  these  features  of  the  sublimation 
method  make  it  a  good  candidate  for  growth  of  thick  films  on  large  area  substrates.  In 
particular,  it  can  become  a  method  of  choice  for  lateral  overgrowth  on  a  partly  covered 
GaN  on  sapphire  substrate. 

In  this  paper,  we  report  for  the  first  time  very  encouraging  results  for  lateral 
overgrowth  of  GaN  obtained  by  the  sublimation  growth  method.  The  nucrostructure  of 
selectively  grown  GaN  layer  and  the  lateral  growth  mechanism  of  sublimation  and 
MOCVD  have  been  investigated  by  scanning  electron  microscopy  (SEM)  and 
transmission  electron  microscopy  (TEM). 


2.  EXPERIMENTAL 


GaN  overgrowth  on  partly  covered  sapphire  substrates  has  been  carried  out  by 
sublimation  method  and  by  two-flow  MOCVD  at  atmospheric  pressure.  The  substrates 
used  for  lateral  growth  were  2~3-pm  thick  GaN  layers  grown  on  sapphireosubstrates  by 
MOCVD.  Following  the.  MOCVD  growth,  the  MOCVD-GaN  surface  was  patterned  with 
Si,  MgO,  and  Si02  masks  by  electron  beam  evaporation  at  room  temperature.  The  mask 
thickness  was  0.1~0.2-pm.  Various  pattenM  >ere  opened  by  conventional 
photolithography,  including  star-like  shapes  and  strine^/indows  with  different  widths  and 
spacings  [11].  f:  ]t  ’•  f. 

The  sublimation  system  used  in  the  growth  b|sj  ^en  described  in  our  previous 
paper  [9].  The  source  powder  was  synthesized  by  heating,'! iquid  Ga  in  NH3  atmosphere  at 
1000  °C.  During  the  growth,  the  so  iree  powder  and  substrate  were  placed  in  a  graphite 
crucible,  and  50  seem  of  NHj  was  introduced  into  the  crucible.  The  growth  temperature 
was  varied  from  970  °C  to!!lu00  °C.  After  1  hour  of  gfrwth  at  995  °C,  the  vertical  and 
lateral  dimensions  of  the  o^rgroy-n  GaN  tpterial  |vere  about  20  pm  and  60  pm, 
respectively,  with  the*  Si  &S  Si02  mask  stripe  oriented  parallel  to  the  <U00> 
crystallographic  direction  of  GaN  [1 3,].  In  contrast  t||t|'pical  growth  rate  using  MOCVD 
is  only  about  1  pm/h.  After  the  summation  growth,  the  color  of  source  powder  becomes 
black  instead  of  the  original  gray  color,  indicatm|^p.  the  active  species  in  the  source 
powder  were  exhausted  [12].  Therefore,  the  grown  layer  thickness  was  not  proportional 
to  the  growth  time  in  the  ublimation  technique. 

u* 

3.  RESULTS  AND  DISCUSSION 


Initially,  three  different  materials  listed  above  (Si,  Si02,  and  MgO)  as  well  as  bare 
sapphire  were  used  as  substrates  for  GaN  deposition  by  sublimation,  without  any 
patterning.  The  densities  of  GaN  nuclei  on  the  MgO  and  sapphire  were  about  100  times 
larger  than  those  on  Si  and  Si02.  Similarly,  MOCVD  growth  on  MgO  and  sapphire 
substrates  produced  GaN  films,  while  no  growth  occurred  with  Si  and  Si02  substrates. 
These  results  indicate  that  there  would  be  a  serious  problem  with  using  MgO  as  patterned 
mask  material  for  lateral  growth,  due  to  the  fact  that  GaN  can  grow  directly  on  MgO 
'  ce.  Consequently,  most  of  our  investigations  were  carried  out  using  Si  and  Si02 

sks. 


Fig.  1  shows  a  diffraction  pattern  of  cross-sectional  TEM  sample  of  sublimation- 
GaN/MgO/MOCVD-GaN  sandwich  structure.  The  diffraction  dots  arranged  periodically 
are  from  MOCVD-GaN  buffer,  while  the  diffraction  dots  formed  cyclically  are  from 
MgO.  As  deposited  on  MOCVD-GaN  at  room  temperature,  MgO  is  amorphous. 
However,  during  1050  °C  GaN  lateral  overgrowth  by  the  sublimation  technique,  the 
amorphous  MgO  underwent  annealing  and  became  polycrystalline,  as  shown  in  Fig.l. 

The  presence  of  mask  material  is  very  effective  in  terminating  the  threading 
dislocations  originating  at  the  MOCVD-GaN  buffer  layer,  which  otherwise  would 


penetrate  all  the  epitaxial  layers  in  the  wafer.  We  have  observed  this  to  be  the  case 
independently  of  the  mask  material,  and  in  each  case  the  dislocations  would  end  at  the 
GaN-mask  interface.  However,  as  shown  in  Fig.  2,  new  dislocations  have  been  generated 
at  the  interface  of  MgO  and  GaN.  There  are  many  stacking  faults  in  GaN  layer, 
especially,  near  GaN/MgO  interface.  This  is  the  consequence  of  nucleation  of  GaN 
directly  on  the  MgO  mask  material,  as  opposed  to  lateral  overgrowth. 

Fig.  3  is  a  low  magnification  cross-sectional  TEM  micrograph  of  laterally 
overgrown  GaN,  in  which  10-pm-wide  stripe  windows  with  25-pm-wide  spacers, 

oriented  along  the  <1 1 2  0>  direction  of  GaN,  were  opened  in  a  0.1-pm-thick  Si  mask.  In 
the  window  region,  almost  all  the  dislocations  from  the  MOCVD  layer  propagated  across 
the  interface  between  MOCVD-GaN  and  sublimation-GaN.  The  density  of  dislocations  in 
these  areas  is  comparable  with  that  of  the  underlying  GaN  buffer.  However,  in  the  region 
above  Si  mask,  the  dislocations  extending  from  GaN  buffer  layer  are  terminated  by  the  Si 
layer.  It  is  important  to  note  that  in  contrast  to  MgO  mask,  no  new  dislocations  were 
generated  at  the  Si/sublimation-GaN  interface.  As  a  result,  large  dislocation  density  of 
about  109  cm-2  above  the  window  areas  has  been  reduced  to  ~106  cm'2  in  the  lateral 
overgrowth  areas. 

The  lateral  growth  rates  under  sublimation  and  MOCVD  growth  conditions 
depend  on  the  direction  of  the  stripe  window,  similarly  to  the  behavior  reported  earlier  in 
other  MOCVD  and  vapor-phase-epitaxy  (VPE)  experiments  [3],  [8].  The  overgrowth  rate 
in  the  sublimation  method  is  about  6  times  larger  for  stripe  windows  oriented  along  the 

<1 100>  direction  of  GaN  than  for  stripes  parallel  to  the  <1 1  2  0>  direction.  The  lateral 
overgrowth  rate  is  also  3  times  faster  than  the  vertical  growth  rate.  For  stripes  parallel  to 

GaN<l  1 00>,  the  width  of  the  laterally  overgrown  region  is  as  large  as  60  pm  after  only  1 
hour  of  sublimation  growth  at  995  °C.  Thus,  it  becomes  very  easy  to  achieve  planar  or  flat 
GaN1  ayers  over  the  entire  surface.  This  is  illustrated  in  Fig.  4,  showing  the  cross- 
sectional  SEM  micrograph  from  a  GaN/Si/GaN  structure  grown  selectively  by 
sublimation  at  990  °C.  Label  A  indicates  the  position  of  the  sublimation-GaN  layer,  the 
thin  bright  region  labeled  B  is  the  0.1 -pm -thick  Si  layer,  C  is  the  MOCVD-GaN  buffer 
layer  and  D  is  the  sapphire  substrate.  The  width  of  Si  mask  in  this  case  was  25  pm.  After 
only  1  hour  of  growth  on  this  mask  pattern,  the  coalescence  of  the  laterally  overgrown 
GaN  made  it  possible  to  achieve  a  flat  GaN  surface  over  the  entire  substrate. 

The  lateral  and  vertical  growth  rates  also  depend  on  the  growth  temperature, 
growth  time  and  the  amount  of  GaN  source  powder  (in  the  sublimation  method)  or  the 
flow  of  TMG  and  NH3  (in  the  MOCVD),  but  the  ratio  of  lateral  to  vertical  thickness 
depends  only  on  the  stripe  orientation.  The  lateral  growth  rate  in  MOCVD  with  the 

window  stnpe  along  the  <1 1 00>  direction  is  also  about  3  times  larger  than  that  of  vertical 
growth.  However,  the  absolute  rate  of  lateral  growth  is  only  3  pm/h,  which  is  about  20 
times  slower  than  in  the  sublimation  method.  Fig.  5  shows  a  cross-sectional  SEM 
micrograph  of  the  sample  in  which  the  width  of  Si  mask  was  only  10  pm  and  the 
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orientation  of  stripe  was  parallel  to  the  <1 1 00>  direction  of  GaN.  In  spite  of  a  very  long 
(7  hours)  process  of  MOCVD  growth  at  1050  °C  with  5  seem  of  TMG,  the  sample  has  not 
coalesced  yet. 

Substantial  reduction  in  the  dislocation  density  in  regions  located  above  the  Si 
mask  can  be  observed  using  TEM,  as  shown  Fig.  3  and  Fig.  6.  Fig.  6  is  a  low 
magnification  crtyss-sectional  TEM  micrograph  of  GaN  grown  by  the  sublimation  method 
on  pattenied  Steiask.  All  dislocations  extending  from  the  GaN  buffer  layer  underneath 
the  Si  mask  are-j-rminated  at  the  GaN-Si  interface.  Another  interesting  observation  is  that 
tiie  threading  dislocations  that  penetrate  into  the  sublimation-GaN  region  above  the 
window  in  Si  m^k  tend  to  change  |  eir  direction  by  90°,  from  nearly  perpendicular  to  the 
interface  of  MOCVD-GaN  and  s;(  blimation-GaN,  to  nearly  parallel  with  the  interface. 
Thus,  even  the  density  of  dislocation  located  above  the  window  is  reduced.  This  property 
is  very  beneficial  for  growing  device  structures  in  region  above  the  overgrown  material. 

4.  CONCLUSIONS 

A  systematic  comparative  jrmdiy  of  lateral  overgrowth  of  GaN  using  various  mask 
materials  has  beers  performed  using  t^«  MOCVD  and  sublimation  growth  techniques.  Si, 
MgO,  and  Si02  .|  ive  been  investigate^  as  mask  materials  deposited  above  the  MOCVD- 
GaN  buffer,  the  goal  of  deimjifemg  the  best  approach  towards  fabrication  of  low- 

defect-density  GaN  for  high-performance  devices.  Our  experimental  results  show  that  Si 
is  the  best  r|{  jerial  for  fabricating  the  mask  due  to  the  largest  thermal  conductivity  and 
smallest  mismatch  of  thermal  expansion  with  GaN.  MgO  turned  out  to  be  unsuitable  for 
this  purpose,  as  GaN  nucleation  occurs  on  MgO  surface.  Compared  to  MOCVD, 
sublimation  method  is  much  more  suitable  for  lateral  overgrowth,  due  to  very  fast  growth 
rate.  Using  this  method,  it  is  very  easy  to  achieve  planar  or  flat  GaN  layers  over  die  entire 
wafer  surface  within  a  short  time  of  growth  (only  1  hour)  and  with  quite  large  distance  (as 
big  as  25  pm)  between  adjacent  windows.  In  addition,  threading  dislocations  ^  tering  the 
sublimation-overgrown  GaN  lum  their  direction  from  the  nearly  perpendicular  to  the 
interface  to  parallel  with  the  interface.  In  principle  this  should  allow  to  obtain  very  low 
dislocation  density  material  suitable  for  high-power  and  high  reliability  devices. 
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Fig.  1.  A  diffraction  pattern  of 
cross-sectional  TEM 

sample  of  Sublimation- 
GaN/MgO/MOCVD-GaN 
sandwich  structure. 


Fig.  2.  Cross-sectional  TEM  mi¬ 
crograph  of  a  selectively 
grown  GaN  on  MgO 
mask. 


Fig.  4.  Cross-sectional  SEM  micrograph  of  GaN  grown  selectively  by  sublimation  at  990 
°C.  The  width  of  Si  mask  is  25  jam  and  the  direction  of  stripe  is  <1 1 00>. 


Fig.  5.  Crc:  s-sectional  SEM  micrograph  of  GaN  grown  selectively  by  MOCVD.  The 
width  of  Si  mask  is  1 0  pm  and  the  direction  of  stripe  is  <1 1 00>. 


Fig.  6.  A  low  magnification 
cross-sectional  TEM  mi¬ 
crograph  of  GaN  %rown  by 
sublimation  method. 
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The  selective  overgrowth  method  has  been  used  to  grow  bulk-like  GaN  layers  by  sublimation 
method.  Si  and  Si02,  which  have  a  different  evaporation  rate,  thermal  conductivity,  and  thermal 
expansion  coefficient,  have  been  chosen  as  mask  materials.  The  effect  due  to  the  reduction  of 
dislocation  density  with  different  mask  materials  has  been  discussed.  The  lateral  growth  rates 
strongly  depend  on  the  direction  of  the  mask  stripe.  For  the  stripe  windows  aligned  in  GaN(l  fOO) 
direction,  the  lateral  growth  rate  is  approximately  four  times  higher  than  with  stripe  direction  in 
GaN{  1120).  The  microstructure  of  selectively  regrown  GaN  has  been  investigated  by  transmission 
electron  microscopy,  scanning  electron  microscopy,  and  cathodoluminescence  to  understand  the 
lateral  growth  mechanisms  in  sublimation.  The  threading  dislocations  in  the  region  of  laterally 
regrown  GaN  are  extended  in  two  different  ways.  First,  the  threading  dislocations  are 
perpendicularly  propagated  into  the  top  surface  in  the  window  region.  In  this  case,  the  density  of  die 
threading  dislocation  is  about  109  cm”2  within  the  window  regions  of  the  mask  and  is  reduced  to 
106  cm"2  in  the  lateral  overgrowth  region  of  the  mask  due  to  termination  of  further  propagation  of 
dislocation  by  the  mask.  Second,  the  direction  of  propagation  of  dislocations  is  changed  parallel  to 
the  c  plane  in  laterally  overgrown  GaN,  and  finally,  it  changes  in  the  direction  perpendicular  to  the 
c  plane  in  the  middle  region  of  the  mask.  ©  1999  American  Institute  of  Physics. 

[S002 1-8979(99)06603-7] 


I.  INTRODUCTION 

Since  no  suitable  substrate  is  presently  available  for  GaN 
growth,  most  device  structures  have  been  fabricated  on  sap¬ 
phire  or  6H-SiC  substrates.1"3  Due  to  die  large  lattice  mis¬ 
match,  nitride  epitaxial  layers  contain  a  high  density  of  ex¬ 
tended  defects,  which  affect  the  device  performance.  One  of 
the  methods  to  reduce  dislocation  density  in  an  active  region 
of  a  device  is  to  use  the  lateral  overgrowth  method.4"11  In 
this  method,  the  threading  dislocations  present  in  the  GaN 
layers,  originating  at  the  GaN/sapphire  interface,  are  blocked 
by  the  mask.  The  density  of  threading  dislocation  is  dramati¬ 
cally  reduced  in  the  laterally  regrown  regions. 

Most  of  the  researchers  have  used  Si02  as  the  mask  ma¬ 
terial  for  the  lateral  growth.  However,  its  low  thermal  con¬ 
ductivity  and  large  mismatch  of  thermal  expansion  with  GaN 
are  serious  problems  when  the  lateral  growth  temperature  of 
GaN  is  about  1050  °C.  Compared  to  Si02,  Si  has  a  larger 
thermal  conductivity  and  the  thermal  expansion  coefficient 
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mismatch  of  Si/GaN  is  smaller  than  that  of  Si02/GaN,  as 
listed  in  Table  I.  Thus,  it  is  reasonable  to  choose  Si  as  the 
mask  material  for  the  lateral  overgrowth  of  GaN. 

Compared  to  metalorganic  chemical  vapor  deposition 
(MOCVD),  the  sublimation  technique  is  the  most  suitable 
and  simple  method  for  lateral  overgrowth.12"14  The  sublima¬ 
tion  method  is  a  promising  technique  to  grow  bulk  GaN 
crystals  or  thick  GaN  films  on  crystalline  substrates.  Since 
the  system  of  this  sublimation  technique  is  very  simple  and 
is  only  an  atmospheric  process,  scaling  up  is  easier.  It  is  also 
a  cost  effective  process  since  only  metallic  gallium  and  NH3 
are  used  as  sources.  It  should  be  emphasized  that  the  growth 
rate  in  sublimation  is  very  high.  Over  50-/xm-thick  GaN 
films  can  be  deposited  by  sublimation  in  1  h  of  growth  at 
1050  °C.  These  features  of  the  sublimation  method  are  im¬ 
portant  to  grow  thick  GaN  films  on  the  large  area  substrates 
and  make  this  technique  very  attractive  for  the  lateral  over¬ 
growth  of  GaN  on  a  partly  covered  GaN  on  sapphire  sub¬ 
strate.  In  our  previous  research  work,  we  have  grown  bulk 
crystals  of  GaN  with  a  maximum  size  of  about  3  mm  in 
length  and  0.8  mm  in  diameter.12,13 
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Thermal 


Lattice  parameters  conductivity  Coefficients  of  thermal 
Materials  (A) _ (W/cm  K)  expansion  (10~6  K~‘) 

GaN  A  =  3.189,  C—  5.185  1.3  ^=5^9,  C— 3.17 

SiO,  Amorphous  0.014  0.5 

Si  .4  =  5.4301  1.5  3.59 


II.  EXPERIMENT 

The  lateral  overgrowth  of  GaN  has  been  earned  out  by 
the  sublimation  technique.  During  the  growth,  die  source 
powder  and  substrate  were  placed  in  a  graphite  crucible  and 
50  seem  of  NH3  were  introduced  into  the  crucible.  The 
growth  temperature  varied  from  970  to  1 100  °C.  After  1  h  of 
growth  at  995  °C,  die  source  powder  becomes  black  from  the 
original  color  of  gray,  indicating  that  die  active  species  in  the 
source  powder  were  exhausted.  Therefore,  the  grown  layer 
thickness  was  not  proportional  to  the  growth  time.  Under 
these  growth  conditions,  the  growth  rate  is  very  high  in  die 
initial  stages,  but  as  the  experiment  progresses,  growth  rate 
decreases  with  time  and  finally  stops  due  to  the  exhaustion  of 
effective  Ga  source. 

Each  of  the  initial  1.5-3.0-/un-thick  GaN  films  was 


grown  by  MOCVD.  These  films  were  subsequentiy  depos¬ 
ited  with  the  0.1-0.2  /on  Si  and  Si02  films  by  electron  bean 
evaporation  at  room  temperature.  Stripe  windows  with  dif¬ 
ferent  direction,  width  and,  space  were  patterned  by  the  con¬ 
ventional  photolithography.14  Prior  to  die  lateral  overgrowth 
of  sublimation,  the  patterned  GaN  substrates  were  first 
cleaned  by  acetone,  methanol,  and  deionized  water.  Then 
they  were  dipped  in  KOH  solution  for  10  min  using  die 
photoassisted  wet-etching  method  to  remove  the  surface  ox¬ 
ide  of  die  underlying  GaN  layer. 

The  microstructure  of  selectively  regrown  GaN  bulk-like 
layers  and  die  lateral  growth  mechanisms  have  been  investi¬ 
gated  by  transmission  electron  microscopy  (TEM),  scanning 
electron  microscopy  (SEM),  and  cathodoluminescence  (CL). 

III.  RESULTS  AND  DISCUSSION 

The  strong  dependence  of  growth  conditions  on  die 
stripe  orientation  during  die  lateral  overgrowth  of  GaN  using 
MOCVD  has  been  reported  by  many  researchers.  The  opti¬ 
mized  lateral  overgrowth  conditions  of  MOCVD  have  been 
presented  by  Kapolnek6  and  Nam  etal}5  However,  the 
growth  mechanisms  of  sublimation  and  MOCVD  are  very 
different  Hence,  it  is  essential  to  know  the  best  lateral  over¬ 
growth  conditions  in  the  sublimation  method.  In  order  to 
investigate  orientational  dependence  of  the  lateral  growth 
rate  in  sublimation,  a  star-like  mask  pattern  was  used.  The 
mask  pattern  consists  of  a  star  feature  with  lines  at  30°  an¬ 
gular  span,  parallel  to  the  <  1  100)  and  ( 1 120)  directions  sur¬ 
rounded  by  the  large  masked  regions.  The  star  consists  of  12 
consecutive  lines  of  10  /an  opening  width.  Figure  1(a)  is  a 
top-view  SEM  image  of  a  selectively  regrown  GaN  sample 
with  a  star-like  mask  pattern  grown  at  995  °C  for  1  h.  The 
lateral  growth  rate  varies  between  its  maximum  and  mini- 


FIG.  1.  (a)  Top-view  SEM  image  of  a  GaN  sample  wife  star-like  mask 
pattern  grown  at  995  °C  for  1  h.  (b)  Top-view  SEM  image  of  a  lateral 
regrown  GaN  with  an  opening  stripe  window  along  the  direction  of 

GaN(li00). 

mum  values  at  60°  intervals.  The  growth  rate  is  the  maxi¬ 
mum  when  the  stripe  window  is  aligned  along  die  (1 100) 
direction  of  GaN,  as  in  die  case  of  MOCVD.15  After  grow* 
for  1  h  with  the  stripe  direction  of  GaN(l  TOO),  die  lateral 
and  vertical  growth  lengths  are  about  60  and  20  yum,  respec¬ 
tively.  It  is  important  to  note  that  die  rate  of  lateral  growth  is 
about  three  times  larger  than  the  rate  of  vortical  growth. 
However,  the  lateral  growth  length  is  only  15  yum  at  the 
same  growth  condition  when  the  stripe  direction  is  parallel  to 
die  GaN(  1 120) .  These  results  are  almost  the  same  with  that 
of  MOCVD  overgrowth.15 

Figure  1(b)  is  a  top-view  SEM  image  of  laterally  re¬ 
grown  GaN  sample  with  one  opening  stripe  at  die  same 
growth  condition  shown  in  Fig.  1(a),  die  stripe  direction  be¬ 
ing  oriented  along  GaN(l  TOO).  As  usual,  the  stripe  subse¬ 
quently  developed  into  a  rhombus  with  {1 101}  side  facets 
with  the  edge  of  the  rhombus  along  (1120).  In  only  a  few 
cases,  vertical  {1120}  side  facets  were  developed  in  die 
middle  region  of  the  rhombus.  These  results  are  different 
from  that  of  MOCVD  overgrowth.  It  usually  forms  rectan¬ 
gular  stripes  with  vertical  {1120}  side  facets  for  MOCVD 
overgrowth.15  However,  for  die  stripe  direction  along 
(1  TOO),  the  result  of  sublimation  overgrowth  similar  to  that 
of  MOCVD  overgrowth,  i.nd  a  stripe  with  {1  f01}  side  facets 
have  always  been  developed  as  shown  in  Fig.  1(a).  Due  to 
the  very  high  growth  rate  in  sublimation,  it  was  assumed  that 
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FIG.  2.  (a)  Cross-section  SEM  micrograph  from  selective  grown  GaN 
within  10  tun  wide  stripe  windows  spaced  20  jim  apart  and  stripe  direction 
in  GaN(llOO).  (b)  Cross-section  SEM  micrograph  of  sample  within  10- 
lun-wide  stripe  windows  spaced  only  8  /un  apart  and  stripe  direction  in 
GaN(lll0>. 

it  would  be  difficult  to  control  the  roughness  of  (0001)  top 
surface.  However,  the  top  surface  is  found  to  be  atomically 
flat,  as  shown  in  Fig.  1(b).  Hence,  it  is  possible  to  have  a 
continuous  thick  layer  and  can  be  directly  used  as  substrates 
for  homoepitaxial  growth  of  GaN. 

Figure  2(a)  is  the  cross-section  SEM  micrograph  from  a 
selectively  regrown  GaN  sample  within  10-/xm-wide  stripe 
windows  spaced  20  /jm  apart  with  the  stripe  direction  in 
GaN(HOO).  Since  the  lateral  growth  rate  is  about  three 
times  larger  than  that  of  vertical  growth,  it  is  very  easy  for 
coalescence  and  to  form  a  continuous  film  with  a  very  flat 
surface.  However,  for  the  stripe  direction  of  GaN(  1 120),  the 
situation  of  lateral  overgrowth  becomes  very  different.  Due 
to  low  lateral  growth  rate,  it  is  very  difficult  for  the  coales¬ 
cence  and  to  form  a  continuous  film.  Fig.  2(b)  is  the  cross- 
section  SEM  micrograph  of  a  sample  within  10-/im-wide 
stripe  windows  spaced  only  8  /nm  apart  and  stripe  direction 
in  GaN(  1 120).  After  vertical  growth  length  reaches  40  /im, 
coalescence  takes  place,  but  the  surface  is  still  very  rough. 

The  distribution  of  threading  dislocations  in  the  region 
of  laterally  regrown  GaN  strongly  depends  on  the  formation 
of  {1101}  and  {1120}  side  facets.  Figure  3(a)  is  a  cross- 
section  TEM  micrograph  from  a  selectively  regrown  GaN  on 
the  Si02  mask  with  stripe  direction  in  ( 1 100)  and  having 
{1  TOl}  side  facets.  In  the  region  of  regrown  GaN,  the  per- 


(b) 


FIG.  3.  (a)  Cross-section  TEM  micrograph  from  a  selectively  grown  GaN 
on  the  Si02  mask  with  stripe  direction  in  (1  F00)  and  having  {1  F01}  side 
facets,  (b)  Cross-section  TEM  micrograph  from  a  selectively  grown  GaN  in 
the  middle  region  of  the  Si02  mask  with  stripe  direction  in  (1  FOO)  and 
having  { 1  f01}  side  facets. 

pendicular  propagation  of  threading  dislocations  in  an  under¬ 
lying  MOCVD-GaN  layer  was  intersected  by  {1 101}  side 
facets  in  the  window  region,  and  threading  dislocations 
changes  its  direction  parallel  to  the  c  plane.  Then  parallel 
propagation  of  threading  dislocations  extends  into  the  mask 
region  till  the  middle  of  the  mask  and  they  are  intersected 
again  by  {1 101}  side  facets  formed  in  the  middle  region  of 
the  mask.  Thus,  the  extension  of  parallel  threading  disloca¬ 
tions  changed  direction  again  perpendicular  to  the  c  plane  in 
the  middle  region  of  the  mask,  as  shown  in  Fig.  3(a).  Finally, 
all  the  dislocations  were  focused  on  the  middle  region  of  the 
mask  to  form  a  high-density  threading  dislocation  band  with 
a  width  of  2—3  fim,  and  they  perpendicularly  propagated  to 
the  top  surface,  as  shown  in  Fig.  3(b).  In  this  case,  the 
{1 T01}  side  facet  acts  as  a  mirror  to  refraction  of  disloca¬ 
tions. 

Figure  4  shows  a  cross-section  TEM  micrograph  from  a 
selectively  regrown  GaN  on  the  Si  mask  with  stripe  direction 
in  (1 100)  and  having  vertical  {1120}  side  facets.  In  this 
case,  the  perpendicular  extension  of  threading  dislocations 
has  been  terminated  by  the  Si  mask  in  the  mask  region. 
However,  in  the  stripe  window  region,  almost  all  disloca- 
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tions  in  initial  MOCVD-GaN  layer  propagate  into 
sublimation-GaN  layers.  Since  there  is  no  {1  TOl}  side  facet 
to  intersect  vertical  threading  dislocations,  the  dislocations 
subsequently  propagate  to  the  top  surface  of  the  regrown 
GaN.  If  die  surface  of  initial  MOCVD-GaN  substrate  was 
thoroughly  clear  prior  to  the  select  growth  of  GaN  by  subli¬ 
mation,  no  threading  dislocations  were  newly  generated  at 
die  interface  In  this  case,  the  density  of  threading  disloca¬ 
tions  is  about  109  cm-2  above  die  window  areas,  and  is  re¬ 
duced  to  106  cm-2  in  the  lateral  overgrowth  region  on  die  Si 
mask  From  Fig.  4,  we  did  not  find  die  voids  in  the  central 
region  of  the  sublimation-GaN  on  the  masks.  These  voids 
were  mostly  observed  in  MOCVD  grown  layers  under  the 
lateral  growth  conditions,  wherein  rectangular  stripe  with 
vertical  {1120}  side  facets  developed. 

To  investigate  the  distribution  of  radiative  defects  across 
die  sublimation-GaN  layer,  room  temperature  CL  experi¬ 
ments  have  been  performed.  The  sample  used  for  CL  mea¬ 
surement  contains  the  Si02  mask  of  8-/tm-wide  windows 
spaced  8  /on  apart  with  stripe  direction  in  (1  TOO)  and  hav¬ 
ing  {1  FOl}  side  facets.  Prior  to  the  CL  measurement,  the  top 
and  cross-section  surfaces  of  the  sample  were  polished.  Fig¬ 
ure  5(a)  shows  the  sample  structure  and  the  thin  lines  show 
{1 101}  side  facets.  Figure  5(b)  shows  the  room  temperature 
cross-section  CL  images  taken  at  362  nm  corresponding  to 
the  band-edge  emission  of  GaN.  It  clearly  shows  a  strong 
emission  in  region  n.  However,  in  regions  I  and  HI,  it  is 
difficult  to  observe  the  luminescence  at  362  nm.  Zheleva 
et  al.  have  reported  the  inferior  quality  of  regrown  GaN  in 
region  I  and  the  density  of  threading  dislocations  is  about 
109  cm-2  in  region  I.9  The  change  in  die  direction  of  the 
threading  dislocations  is  focused  in  region  HI,  as  shown  in 
Fig.  3.  Thus,  the  weak  band-edge  emission  of  GaN  is  accept¬ 
able  in  these  two  regions.  The  edges  between  white  and 
black  regions  are  near  {1 101}  side  facets. 

According  to  TEM  measurement,  the  density  of  the 
threading  dislocation  in  region  I  is  almost  the  same  with  the 
underlying  MOCVD-GaN  layer.  However,  the  emission  at 
362  nm  can  be  observed  in  the  region  of  underlying 
MOCVD-GaN  layer,  and  there  is  no  emission  from  region  I. 
Thus,  the  impurities  and  point  defects  originating  from  the 
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FIG.  5.  (a)  Structure  of  lateral  overgrowth  GaN  sample  used  for  CL  mea¬ 
surement.  (b)  Room  temperature  cross-section  CL  images  taken  at  362  nm 
corresponding  to  the  band-edge  emission  of  GaN.  (c)  Top-view  CL  images 
of  the  sample  taken  at  362  nm  at  room  temperature. 


sublimation  growth  are  other  causes  for  the  reduction  of 
band-edge  emission.  Figure  5(c)  is  a  top-view  CL  image  of 
the  sample  taken  at  362  nm  at  room  temperature.  The  results 
correspond  to  that  shown  in  Figs.  3  and  5(b).  It  is  worth 
noting,  the  stronger  emission  is  in  region  II  than  that  in  die 
underlying  MOCVD-GaN  layer. 

For  the  sample  with  vertical  {1120}  side  facets,  the 
threading  dislocations  are  focussed  on  the  window  regions  of 
the  regrown  GaN  layer,  and  no  new  dislocations  are  gener¬ 
ated  on  the  mask  regions  in  spite  of  Si  and  Si02  used  as 
mask  materials.  For  the  sample  with  {1  101}  side  facets  and 
in  the  window  region,  all  threading  dislocations  turn  the  di¬ 
rection  into  the  mask  region,  and  no  threading  dislocations 
were  observed  in  the  top  region  of  window.  In  this  case, 
there  is  no  difference  in  using  Si  and  Si02  as  mask  materials. 
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FIG.  6.  Cross-section  TEM  micrograph  of  the  lateral  overgrowth  GaN 
sample  by  sublimation  with  the  Si  mask  and  stripe  direction  in  (1120). 

In  spite  of  the  directional  change  of  threading  dislocations  in 
the  window  region  of  the  Si02  mask  region  for  the  sample 
with  { 1 F01}  side  facets,  many  new  stacking  faults  are  found 
to  be  generated  due  to  the  very  low  thermal  conductivity  and 
large  mismatch  of  thermal  expansion  with  GaN,  as  observed 
in  Fig.  3.  In  this  case,  the  threading  dislocations  turning  from 
die  window  region  act  as  “seed”  to  cause  the  stacking  faults 
in  the  region  of  the  mask.  Detailed  studies  of  the  phenom¬ 
enon  will  be  presented  elsewhere.  This  different  situation 
happens  when  the  Si  mask  material  is  used.  The  threading 
dislocation  density  of  perpendicular  propagation  is  almost 
the  same  as  that  of  parallel  propagation,  as  shown  in  Fig.  6. 
It  is  difficult  to  observe  the  newly  generated  dislocation  in 
the  Si  mask  region. 

IV.  CONCLUSION 

Lateral  overgrowth  of  GaN  has  been  carried  out  using 
die  sublimation  method.  Compared  to  MOCVD,  the  sublima¬ 
tion  technique  is  very  suitable  for  lateral  overgrowth  due  to  a 
higher  growth  rate.  The  lateral  growth  rate  of  a  stripe  win¬ 
dow  along  (1  TOO)  direction  is  about  three  times  larger  than 
that  of  vertical  growth,  and  it  is  easy  to  form  a  continuous 
film  with  a  mirror-like  surface.  However,  in  the  stripe  direc¬ 
tion  of  (1120),  the  rate  of  lateral  overgrowth  is  even  less 
than  that  of  vertical  growth  and  is  difficult  to  grow  continu¬ 
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ously  with  a  flat  surface.  For  the  sample  with  formation  of 
vertical  {1120}  side  facets,  the  threading  dislocations  in  the 
regrown  GaN  layers  are  mainly  distributed  in  the  window 
regions  and  only  a  small  number  of  dislocations  turn  a  90° 
bend  into  the  mask  region.  However,  for  the  sample  grown 
with  {1101}  side  facets,  almost  all  threading  dislocations  in 
the  window  region  turn  the  direction  from  the  nearly  perpen¬ 
dicular  to  the  c  plane  to  parallel  to  the  c  plane.  The  formation 
of  the  2-3  /jm  threading  dislocation  band  in  the  middle  re¬ 
gion  of  the  mask  is  very  beneficial  for  growing  device  struc¬ 
ture  in  top  region.  Si  and  Si02  materials  have  been  chosen  to 
make  the  mask  on  the  MOCVD-GaN  layers.  Experimental 
results  also  show  that  Si  is  a  better  material  for  fabricating 
the  mask  due  to  the  larger  thermal  conductivity  and  smaller 
thermal  mismatch  with  GaN.  For  the  sample  with  {1101} 
side  facets,  many  stacking  faults  near  the  Si02  mask  in  se¬ 
lectively  regrown  GaN  are  observed.  However,  it  is  difficult 
to  find  newly  generated  stacking  faults  or  threading  disloca¬ 
tions  in  the  regrown  GaN  layer  with  the  Si  mask. 
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Design  limitations  for  InGaN/AIGaN/GaN 
lasers  imposed  by  resonant  mode 
coupling 

Gennady  A.  Smolyakov,  Petr  G.  Eliseev,* 
Marek  Osinski,  Center  for  High  Technology 
Materials,  University  of  New  Mexico,  1313 
Goddard  SE,  Albuquerque,  New  Mexico  87106 
USA;  E-mail  osinski(^chtmMnnuedu 

Present-day  InGaN/AJGaN/GaN  semicon¬ 
ductor  lasers  typically  contain  a  multiple  opti¬ 
cal  waveguide  structure,  with  refractive  indices 
of  several  layers  (GaN  buffer-substrate,  active 
region,  cap  layer)  higher  than  those  of  cladding 
layers.  This  leads  to  complex  behavior  of  opti¬ 
cal  modes  that  has  recently  been  subject  of 
several  investigations.1-5  In  particular,  reso¬ 
nant  effects  have  been  obtained  in  simulations 
of  modes  localized  in  the  active  region,  with 
modulation  of  modal  gain  when  thicknesses  of 
active  waveguide  core  or  cladding  layers  were 
changed.1-2  Those  numerical  solutions  traced 
only  the  modes  localized  in  the  active  layer, 
which  is  not  sufficient  to  understand!  the  na¬ 
ture  of  these  resonances.  Here,  we  show  that 
resonant  effects  in  nitride  lasers  result  from 
coupling  between  nearly-degenerate  normal 
modes  of  the  entire  laser  structure,  similarly  to 
the  case  of  InGaAs-based  lasers  analyzed  pre¬ 
viously.6*7  We  also  demonstrate  the  strong  role 
of  the  parasitic  waveguide  thicknesses,  in  addi¬ 
tion  to  previously  investigated  parameters. 

The  analysis  is  performed  in  terms  of  TE 
normal  modes  of  a  multiple  waveguide  system, 
found  as  solutions  of  the  scalar  wave  equation 
for  a  realistic  profile  of  complex  permittivity  in 
a  nitride  laser  structure  (see  Fig.  1).  To  demon- 


CTuU5  Fig.  1.  Permittivity  profile  of  a  typical 
InGaN/AIGaN/GaN  diode  laser.  The  active  re¬ 
gion  is  assumed  to  consist  of  four  Ii^ .isGa^sN 
quantum-well  layers  separated  by  three 
hio.o2Gao.90N  barriers.  The  material  gain  in  the 
quantum  wells  is  taken  as  1000  cm”1  at  the  fixed 
wavelength  of 400  nm.  The  absorption  coefficient 
a  is  taken  as  10  cm”1  in  all  remaining  layers 
except  for  the  Au  contact  layer,  where  the  extinc¬ 
tion  coefficient  k  —  1.7  corresponds  to  a  = 
534  X  10s  cm”1. 
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CTuU5  Fig.  2.  Calculated  effective  index  n^ 
for  the  first  5  lowest-order  normal  modes  of  TE 
polarization  in  the  three-waveguide  system  of  the 
p-GaN  cap  layer,  active  waveguide,  and  n-GaN 
substrate  layer  as  a  function  of  the  GaN  substrate 
layer  thickness  d^*.  Normal  modes  1, 2, 3, ...  are 
identified  by  careful  tracing  of  the  solution  for 
near  the  resonance.  The  notation  TE^,  TENcmp, 
and  TEn*1*,  (N  =  0, 1, 2  . .  .)  identifies  the  TEn 
modes  of  the  corresponding  individual  un¬ 
coupled  waveguides  (active  layer,  cap  layer,  and 
substrate  layer)  to  which  the  normal  modes  of  the 
structure  are  very  dose  for  a  particular  range  of 
values  of  d^. 


Thickness,  [pm] 

CTuU5  Fig.  3.  Modal  gain  Gmed  calculated 
for  the  same  first  5  lowest-order  normal  modes  of 
TE  polarization  and  the  same  InGaN/AlGaN/ 
GaN  laser  structure  as  in  Fig.  2. 


strate  the  resonant  effects,  we  vary  the  thick¬ 
nesses  of  various  passive  layers  (GaN  cap  d^, 
GaN  substrate  layer  diub,  or  daddings  d^j) 
and  follow  the  solutions  for  several  transverse 
modes.  Calculated  results  are  plotted  in  terms 
of  the  effective  index  and  modal  gain. 

The  effective  index  and  modal  gain  for  the 
first  five  normal  modes  in  the  three-waveguide 
system  of  GaN  substrate  layer — active 
waveguide— GaN  cap  layer  arc  shown  in  Figs. 
2-3  as  a  function  of  d^.  The  cap  layer  thick¬ 
ness  is  in  this  case  fixed  at  d^p  =  500  nm. 
Multiple  resonances  both  in  the  active 
waveguide — GaN  substrate  system  and  in  the 
GaN  cap  layer — GaN  substrate  system  can  be 
dearly  seen.  Dramatic  drop  in  the  modal  gain 
occurs  at  every  point  of  resonance,  i.e.  when 
the  complex  propagation  constants  of  the 
modes  localized  in  the  active  region  and  in  the 
substrate  become  very  dose  to  each  other. 
Note  that  the  mode  TEq"*  localized  in  die  ac¬ 
tive  layer  actually  corresponds  to  a  sequence  of 
normal  modes  emerging  at  subsequent  reso¬ 
nances.  We  have  found  similar  resonant  effects 
and  resonant  values  for  d^p  in  the  active 
waveguide — GaN  cap  layer  system.  Obviously, 


a  device  with  an  unfortunate  design  of  d^  or 
dmh  dose  to  the  resonant  values  would  either 
have  a  much  higher  threshold,  or  would  not 
lase  at  all. 

We  have  found  that  the  resonances  become 
broader  for  thinner  optical  barriers,  which 
means  that  AlGaN  daddings  should  be  kept 
reasonably  thick.  This  result  agrees  with  obser¬ 
vations  of  Nakamura  et  oL,®  who  noticed  that 
spectral  modulation  of  superluminescence 
spectra,  one  of  the  signatures  of  resonant  mode 
coupling,6*7  became  much  smaller  when  opti¬ 
cal  barriers  were  made  thicker.  However,  we 
should  emphasize  that  even  with  thin  clad¬ 
dings  it  is  still  possible  to  avoid  the  resonances 
when  laser  design  is  combined  with  careful 
analysis  of  mode  coupling. 

In  condusion,  we  have  analyzed  numeri¬ 
cally  the  optical  modes  of  a  system  of  coupled 
waveguides  characteristic  of  InGaN/AlGaN/ 
GaN  laser  diodes  and  explained  the  nature  of 
resonant  effects  in  those  devices.  The  results 
demonstrate  that  in  order  to  obtain  low- 
threshold  operation,  spedal  care  must  be  taken 
when  deciding  on  what  particular  values 
should  be  chosen  for  d^,  d^  d^,  and  d^. 
Optimization  of  laser  design  should  indude 
consrious  avoidance  of  resonant  values  for  any 
combination  of  these  parameters. 
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Ghost  Modes  and  Resonant  Effects 
in  AlGaN-InGaN-GaN  Lasers 

Petr  G.  Eliseev,  Senior  Member,  IEEE,  Gennady  A.  Smolyakov,  and  Marek  Osinski,  Senior  Member,  IEEE 


Abstract— Many  diode  laser  structures,  including  those  based 
on  group-III  nitride  system,  contain  passive  waveguide  layers  of 
higher  refractive  index  than  in  the  adjacent  layers.  Modes  of 
such  passive  waveguides  (“passive”  modes)  can  interact  with  an 
active  layer  mode  (“active”  mode),  giving  rise  to  two  kinds  of 
normal  modes  or  “supermodes”  of  a  laser  structure.  Away  from 
resonance,  one  of  them  is  localized  predominantly  in  the  active 
region  (“lasing”  mode),  while  the  other  ones  are  located  mostly 
in  passive  waveguides  (“ghost”  modes).  The  lasing  mode  is  the 
mode  at  which  laser  generation  occurs.  The  lossy  ghost  modes 
are  parasitic  modes  of  a  laser  structure  that  can  consume  energy 
from  the  active  region.  Resonant  coupling  occurs  when  the  lasing 
mode  and  a  ghost  mode  are  in  phase  synchronism.  In  this  paper, 
the  concept  of  ghost  modes  is  applied  to  InGaN-based  diode 
lasers.  The  values  for  critical  thickness  are  calculated  for  p-GaN 
cap  layer  and  for  n-GaN  buffer/substrate  layer  for  a  particular 
multilayer  laser  structure.  The  typical  thickness  of  0.5  pm  of 
AlGaN-cladding  layer  is  found  to  be  insufficient  to  prevent  rather 
strong  coupling  between  the  modes.  Under  the  resonant  coupling 
conditions,  the  modal  gain  is  shown  to  be  strongly  suppressed, 
allowing  no  lasing  at  all. 

Index  Terms — Coupled-mode  analysis,  ghost  modes,  group-III 
nitrides,  optical  waveguide  theory,  resonant  coupling,  semicon¬ 
ductor  lasers,  short-wavelength  lasers. 


I.  Introduction 

THE  CONCEPT  of  ghost  modes  was  originally  intro¬ 
duced  to  explain  some  spectral  features  (periodic  mod¬ 
ulation  in  the  envelopes  of  laser  emission  spectra)  observed 
in  InGaAs-GaAs-AlGaAs  diode  lasers  on  GaAs  substrates 
[1].  Essentially,  the  issue  was  that  passive  waveguides  existed 
within  the  diode  chip,  supporting  their  own  systems  of  guided 
passive  modes  that  could  interact  with  an  active  layer  mode 
(this  effect  was  called  the  internal  mode  coupling  [1]).  The 
chip  of  those  laser  diodes  was  mostly  transparent  to  the 
emission  generated  in  the  InGaAs  active  region.  A  very 
similar  situation  exists  in  InGaN-GaN-AlGaN  laser  diodes 
on  sapphire  [2]— [9]  and  GaN  [10]— [12]  substrates,  where  the 
laser  emission  easily  penetrates  into  all  the  layers  of  the 
chip  due  to  diffraction  and  scattering  and  can  be  accumulated 
within  the  layers  with  guiding  properties.  In  an  early  study  on 
spectral  properties  of  InGaN-GaN-AlGaN  diode  lasers  [13], 
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a  “subband”  modulation  effect  was  found,  closely  resembling 
that  observed  in  InGaAs  lasers.  All  this  indicates  that  the 
concept  of  ghost  modes  could  be  of  practical  importance  for 
InGaN-based  lasers. 

A  typical  design  of  a  nitride-based  laser  incorporates  a 
multiple  optical  waveguide  structure  (albeit  unintentional), 
with  refractive  indices  of  several  layers  (GaN  buffer/substrate, 
active  region,  etch-stop  layers,  GaN  cap  layer,  and  some 
auxiliary  layers  introduced  to  stabilize  the  epitaxial  structure) 
being  higher  than  those  of  adjacent  layers.  When  any  of  tnek 
AlGaN  cladding  layers  is  thin  (500  nm  or  less),  the  laser  lighij 
may  penetrate  into  passive  waveguides.  This  could  lead  to  j 
additional  optical  losses,  higher  threshold  current,  and  lower 
efficiency  of  the  device.  A  particularly  strong  effect  is  expected 
in  the  case  of  phase  synchronism ,  when  the  phase  velocities  of 
eigenmodes  of  individual  waveguides,  treated  as  uncoupled, 
would  be  the  same.  Under  those  conditions,  resonant  mode 
coupling  would  occur,  with  significant  reduction  of  the  optical 
confinement  factor  and  suppression  of  the  modal  gain.  It  is 
worthy  to  mention  that  low  Al-content  and  thin  cladding 
layers  of  AlGaN  are  of  technological  advantage  (lower  misfit 
stresses,  shorter  and  simpler  growth  process).  Therefore,  a 
thin-cladding  structure  should  be  carefully  optimized  when 
designing  an  InGaN-based  diode  laser.  In  experimental  studies 
of  InGaN-GaN-AlGaN  lasers,  a  complicated  spectral  and 
spatial  effects  have  been  reported  [14]— [16].  In  waveguide  cal¬ 
culations,  the  resonant-like  modal  behavior  has  been  observed 
[17]— [19].  Thus,  the  internal  mode  coupling  described  in  [1] 
seems  indeed  to  be  very  important  in  new  InGaN-based  laser 
structures. 

Complex  behavior  of  modes  in  multilayer  systems  can  be 
understood  using  the  approach  of  normal  modes  of  coupled 
waveguides  (see,  e.g.,  [20]).  In  this  paper,  we  apply  this 
approach  to  InGaN-based  laser  structures.  In  Section  II,  the 
concept  of  ghost  modes  is  discussed  in  more  detail.  The 
InGaN-GaN-AlGaN  laser  structure  is  described  in  Section  IE. 
The  numerical  technique  adopted  for  solving  the  wave  equa¬ 
tion  is  briefly  discussed  in  Section  IV.  The  effective  index 
and  the  modal  gain  of  normal  modes  are  calculated  as  a 
function  of  the  thickness  of  either  the  passive  waveguides 
(p-GaN  cap  layer  and  n-GaN  buffer/substrate)  or  the  optical 
barriers  (AlGaN  cladding  layers).  The  results  of  calculations 
are  gathered  in  Section  V.  We  consider  separately  the  res¬ 
onances  in  the  active  waveguide — cap  layer  system  and  in 
the  active  waveguide — GaN  buffer/substrate  system.  We  find 
that  interaction  between  the  lasing  mode  and  the  ghost  modes 
can  suppress  the  modal  gain  substantially,  or  even  stop  the 
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TABLE  I 

Optical  Parameters  of  the  Materials  Comprising  the  lnGaN-^GaN-AlGaN  MQW  Laser  Structure 


Material 

n 

k 

Thickness 

[nm] 

Comments 

Au 

1.5 

1.7 

OO 

Electrode  material;  data  at  400  nm 

Cr 

2.75 

3.0 

00 

Electrode  material;  data  at  488  nm 

p-GaN 

2.55 

0.000032 

100-2000 

p-cap  layer 

P'AIq, 

2.50 

0.000032 

300-800  i 

p-cladding  (optical  barrier)  layer 

p-GaN 

2.55 

0.000032 

100 

p-waveguide  layer 

fik>.i5Ga<).85N(4) 

+ 

2.75 

-0.0032 

4x3.5 

QWs  (gain  coefficient  1000  cm*1) 

Inoc3Ga09gN(3) 

2.63 

0.000032 

3x7 

barriers  (absorption  -10  cm*1) 

n-GaN 

2.55 

0.000032 

100 

^-waveguide  layer 

n-Al^Ga^N 

2.50 

0.000032 

300-800 

a -cl adding  (optical  barrier)  layer 

n-GaN 

2.55 

0.000032 

100-4000 

n-buffer/substrate 

a-Al203 

1.77 

0.000032 

00 

sapphire  substrate 

lasing  action  entirely:  Finally,  Section  VI  contains  discussion 
of  the  results  presented  in  Section  V  and  conclusions.  The 
results  shown  in  this  paper  should  be  useful  in  group-III  nitride 
laser  design  as  they  provide  guidelines  for  waveguide  structure 
optimization  and  the  rules  how  to  avoid  the  undesirable 
resonances  with  ghost  modes. 

II.  Concept  of  Ghost  Modes 

An  accurate  analysis  of  a  coupled  waveguide  system  gives 
field  configurations  (normal  modes)  that  are  often  approxi¬ 
mated  by  supermodes  (see,  e.g.,  [20]).  These  are  in-phase 
or  in-antiphase  superpositions  of  the  modes  of  individual 
uncoupled  waveguides.  This  approximation  is  valid  only  far 
away  from  resonance ,  when  the  modes  have  different  phase 
velocities. 

Consider  first  the  off-resonance  situation.  In  this  case,  it  is 
easy  to  identify  the  modes  of  individual  uncoupled  waveguides 
as  the  components  of  which  a  supermode  is  built  up.  For  sim¬ 
plicity,  consider  a  system  of  two  waveguides  and  assume  that 
one  of  the  interacting  modes  is  that  of  the  active  layer  (active 
mode,  for  example,  a  mode  of  the  active  InGaN-GaN-AlGaN 
waveguide),  while  the  other  one  is  a  mode  of  a  passive 
waveguide  (passive  mode,  for  example,  of  p-GaN  cap  layer). 
The  in-phase  and  out-of-phase  superpositions  of  these  modes 
give  us  the  supermodes  or  normal  modes  that  actually  exist  in 
this  two- waveguide  system.  One  of  these  modes  is  localized 
predominantly  in  the  active  region  (lasing  supermode ,  at  which 
lasing  action  can  occur),  while  the  other  one  is  located  mostly 
in  the  passive  waveguide  (ghost  supermode).  In  the  case  of 
the  lasing  supermode,  the  passive  mode  component  can  be 
observed  as  a  local  maximum  of  near-field  intensity  profile  at 
the  cap  layer  position.  The  highly  doped  cap-layer  waveguide 
has  a  high  internal  loss,  due  to  both  free-carrier  absorption 
and  absorption  in  the  contact  metal.  Therefore,  coupling  of 
the  active  mode  to  the  cap-layer  passive  modes  introduces 
some  additional  modal  losses,  thus  reducing  the  modal  gain 
of  the  lasing  supermode  [1].  The  modal  gain  suppression 
is  proportional  to  the  coupling  coefficient,  with  the  latter 
decreasing  exponentially  as  the  thickness  of  the  optical  barrier 
(AlGaN  cladding  layer)  increases.  The  lossy  ghost  supermode 
is  a  parasitic  mode  of  the  laser  structure  that  can  consume 


energy  from  the  active  region.  In  this  case,  the  active  mode 
can  be  viewed  as  a  local  maximum  of  the  near-field  intensii  v  I 

profile  that  the  ghost  supermode  acquires  at  the  active  layer  I 

position. 

Consider  now  the  case  when  the  phase  velocities  of  the  | 
modes  of  individual  uncoupled  waveguides  are  very  close  to  j 
each  other.  In  this  case  the  language  of  supermodes  may  noi 
be  appropriate  and  we  will  instead  consider  only  the  exact 
solutions  (normal  modes)  of  the  wave  equation  for  a  multilayer 
waveguide  system.  The  two  normal  modes  still  resemble  the 
in-phase  and  out-of-phase  combinations  of  uncoupled  modes 
of  individual  waveguides.  However,  contributions  of  the  active 
mode  and  the  passive  mode  into  each  of  the  two  normal  modes 
are  now  comparable.  This  implies  a  much  weaker  optical 
confinement  for  the  lasing  mode,  which  now  experiences  much 
greater  optical  losses  in  the  passive  waveguide.  Consequently, 
the  modal  gain  of  the  lasing  mode  decreases,  and  this  may 
result  in  no  lasing  action  at  all.  On  the  contrary,  the  ghost  mode 
“benefits”  under  such  close-to-resonance  conditions,  since  it 
receives  more  optical  power  from  the  active  region.  Its  modal 
gain  increases,  but  not  necessarily  sufficiently  to  reach  the 
lasing  threshold.  Obviously,  it  is  possible  to  have  an  unlucky 
laser  design  (i.e.,  with  resonant  mode  coupling)  when  the 
laser  would  not  operate  even  though  its  active  region  is  of 
perfect  quality  and  properly  supplied  with  high  material  gain. 

As  shown  in  Section  V,  the  accurate  analysis  demonstrates 
that  normal  modes  change  their  character  in  passing  through 
the  resonance,  that  is  the  lasing  mode  turns  into  the  ghost 
mode  and  vice  versa.  In  other  words,  the  lasing  mode  does 
not  correspond  to  a  single  normal  mode,  but  to  a  sequence 
of  normal  modes  with  the  mode  order  increasing  by  one  at 
each  subsequent  resonance.  Generalizing  this  consideration 
for  systems  of  more  than  two  (active  and  passive)  coupled 
waveguides  in  multilayer  laser  structures,  we  define  ghost 
modes  as  the  normal  modes  that  have  near-field  distribution 
concentrated  mostly  in  the  passive  waveguides. 

III.  Device  Structure  under  Consideration 

A  typical  In GaN-GaN- AlGaN  laser  structure  (see,  e.g.,  [2], 
[21])  consists  of  multiple  layers  (19  or  more,  including  metal 
electrodes)  with  different  optical  parameters.  The  layers  withi 
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Wavelength,  X0  [nm] 


Fig.  1 .  Refractive  index  of  GaN.  Circles:  Experimental  data  from  [22].  Solid 
curve:  Sellmeier  fit  to  these  data.  Dotted  curve:  Group  index  calculated  from 
the  Sellmeier  fit. 

low  values  of  the  refractive  index  include  sapphire  substrate, 
AlGaN  claddings,  and  metallic  contacts,  whereas  p-GaN  cap 
layer,  the  system  of  active  layers  and  n-GaN  buffer/substrate 
layer  all  form  separate  waveguides.  Note  that  all  the  layers 
are  quite  transparent  to  the  laser  emission,  with  the  obvious 
exception  of  contact  layers.  Penetration  of  the  optical  field 
from  the  cap  layer  into  metal  is  limited  to  a  very  short  distance. 
For  example,  at  the  wavelength  of  400  nm  the  penetration 
depth  into  the  gold  electrode  is  ~120  nm.  The  ghost  mode, 
then,  is  sensitive  to  the  optical  parameters  of  a  very  thin 
intermediate  layer  formed  at  the  nitride-metal  interface.  Since 
those  parameters  are  not  known,  instead,  we  use  the  parameters 
of  pure  metals  like  Au,  Cr,  or  Ti  often  employed  as  contact  and 
adhesive  materials.  The  values  of  optical  parameters  used  in 
our  calculations  are  listed  in  Table  I  for  metal  electrodes  and 
for  other  layers  in  the  laser  structure.  Note  that  the  extinction 
coefficient  of  3.2  x  10"5  corresponds  at  the  wavelength  of  400 
nm  to  the  absorption  coefficient  of  10  cm-1. 

The  refractive  index  of  GaN  is  calculated  using  the  Sell¬ 
meier  approximation  of  the  experimental  data  given  in  [22]: 

n2W  =  A  +  B/[l-(C/X)2} 

with  fitting  parameters  A  =  4.37;  B  =  1.0;  C  =  0.3  /im 
(the  part  of  the  dispersion  curve  corresponding  to  the  normal 
dispersion  below  the  absorption  edge  was  fitted  in  the  range 
from  370  to  600  nm).  We  also  calculate  the  group  index 
of  GaN,  important  for  interpretation  of  longitudinal  mode 
emission  spectra  from  GaN-based  lasers: 

Tlg(X)  =  71  4-  B  /uS2 

where  S  =  (A/C)  -  (C/A).  The  results  are  shown  in 
Fig.  1.  Correction  for  AlGaN  was  made  using  the  data  for 
Alo.1Gao.9N  from  [22]  by  linear  interpolation  of  Sellmeier 
parameters.  Since  no  refractive  index  measurements  have 
been  reported  for  InGaN,  we  assume  that  the  InGaN  alloy  at 


Fig.  2.  Refractive  index  profile  in  a  typical  InGaN-AlGaN-GaN  diode  laser. 


the  lasing  wavelength  of  400  nm  is  characterized  by  the  same 
index  as  GaN  at  its  lasing  wavelength  of  ~370  nm. 

We  consider  an  active  region  composed  of  four 
Ino.15Gao.85N  active  quantum-well  layers  separated  by  three 
Ino.02Gao.98N  barrier  layers.  These  seven  layers  are  treated  as 
one  active  layer  with  averaged  optical  parameters.  The  active 
layer  as  well  as  the  n-GaN  and  p-GaN  waveguide  layers  form 
together  a  235-nm-thick  active  waveguide.  The  material  gain 
inside  the  quantum  wells  is  assumed  to  be  1000  cm"1  for  a 
fixed  wavelength  of  400  nm.  The  refractive  index  profile  of  the 
laser  structure  assumed  in  our  calculations  is  shown  in  Fig.  2. 

IV.  Calculation  Technique 

We  consider  a  unidirectional  propagation  of  modes  in  a  pla¬ 
nar  multiwaveguide  system,  with  one  active  waveguide  having 
material  gain  in  the  core,  and  the  remaining  waveguides  being 
passive.  Taking  into  account  that  laser  emission  from  InGaN 
quantum  wells  is  predominantly  of  linear  TE  polarization,  we 
restrict  our  consideration  to  TE  modes.  Note,  however,  that  in 
the  case  of  metal-clad  waveguide  (the  p-GaN  cap  layer),  the 
lowest  order  TM  ghost  mode  exists  in  the  case  of  a  very  thin 
cap  layer,  whereas  the  TE  ghost  mode  appears  at  rather  large 
cap  thickness  (~200  nm  for  the  structure  described  in  Table  I). 

Assuming  only  transverse  (vertical)  spatial  dependence  of 
the  electrical  field  amplitude  Ey(x ),  we  solve  the  scalar  wave 
equation  for  TE  modes: 

d2Ey/dx2  +  [k2oe(x)-l32]Ey  =  0 

where  fco  is  the  free-space  wave  vector,  e(x)  is  the  complex 
dielectric  constant  profile  of  the  multilayer  structure  of  Fig.  2, 
and  0  is  the  longitudinal  propagation  constant.  Using  a  com¬ 
bination  of  the  complex  Newton  method  and  the  Runge-Kutta 
method  of  integration  of  the  fourth  order,  we  find  well-behaved 
guided  wave  solutions  of  the  wave  equation.  The  calculated 
results  for  normal  modes  are  presented  in  terms  of  the  modal 
effective  index  ne g-  =  Re/?/fco  and  modal  gain  G  = 

Note  that  although  the  concept  of  supermodes  (understood 
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Cap  layer  thickness,  d  [pm] 


(b) 

Fig.  3.  Calculated  effective  index  (a)  and  modal  gain  (b)  for  the  first  three 
lowest  order  normal  modes  in  the  two-waveguide  system  of  the  active  wave¬ 
guide  and  p-GaN  cap  layer.  The  notation  TE^S  TE^P  (N  =  0, 1, 2  ■  •  •) 
identifies  the  TEjv  modes  of  the  corresponding  individual  uncoupled  waveg¬ 
uides  (active  layer,  cap  layer)  to  which  the  normal  modes  of  the  structure  are 
very  close  for  a  particular  range  of  values  of  dcap. 


Transverse  coordinate,  x  [|im] 

■(a) 


Transverse  coordinate,  x  [nm] 

(b) 


Fig.  4.  Distribution  of  electrical  field  Ey  (x)  for  the  two  lowest  order  normal 
modes  of  the  two-waveguide  system  of  die  active  waveguide  and  p-GaN  cap 
layer,  corresponding  to  conditions  below  the  first  resonance  (dcap  —  400 
nm,  curves  A),  between  the  first  two  resonances  (dcap  =1.2/101,  curves  B), 
and  between  the  second  and  third  resonance  (dcap  ==  2  /im,  curves  C).  (a) 
Normal  mode  1.  (b)  Normal  mode  2. 


1 

I 


as  superpositions  of  individual  waveguide  modes)  is  useful 
in  understanding  the  nature  of  solutions,  the  normal  modes 
of  the  laser  structure  are  found  here  without  invoking  the 
coupled-mode  theory. 

V.  Results  of  Calculations 

A.  Resonance  in  the  “Active  Waveguide-Cap  Layer ”  System 

The  effective  index  and  modal  gain  for  the  first  three  normal 
modes  versus  the  thickness  dcap  of  the  p-GaN  cap  layer 
are  shown  in  Fig.  3  for  p-AlGaN  cladding  layer  thickness 
of  500  nm  and  Au  taken  as  the  p-side  contact  material. 
The  calculated  effective  index  of  the  lasing  mode  is  ~2.539, 
whereas  that  of  the  ghost  modes  varies  from  ~2.5  to  ~2.549. 
However,  the  effective  index  curves  for  normal  modes  of 
coupled  waveguides  do  not  cross.  Rather,  we  can  specify  the 
points  of  anti-crossing  (resonance)  when  two  curves  come  very 
close  to  each  other. 


Evolution  of  the  electrical  field  distribution  Ey(x)  with 
increasing  cap  layer  thickness  dcap  is  illustrated  in  Fig.  4 f on 
the  first  two  normal  modes.  The  normal  mode  1  resembles  theH 
TEo  mode  of  the  isolated  active  region  waveguide  (TEq^) 
up  to  the  point  when  the  first  anti-crossing  occurs.  Up  to 
that  point,  the  normal  mode  1  is  the  lasing  mode  of  th« 
stmcture  or,  in  the  language  of  coupled-mode  theory,  an  in™ 
phase  supermode  with  the  main  maximum  of  intensity  in  the 
active  region  and  a  small  intensity  peak  in  the  cap  layer  [cfM 
Fig.  4(a),  curve  A].  After  the  first  anti-crossing  point,  th| 
normal  mode  1  changes  its  character  to  become  a  ghost  mode 
that  can  be  viewed  as  an  in-phase  supermode  with  the  man 
maximum  of  intensity  in  the  cap  layer  and  a  small  intensitH 
peak  in  the  active  region.  Except  for  this  insignificant  side 
peak,  it  resembles  closely  the  TEo  mode  of  the  isolated  eaj 
layer  (TE^P)  [cf.  Fig.  4(a),  curves  B  and  €]. 

The  normal  mode  2  appears  first  as  a  ghost  mode 
resembles  the  TEjjap  mode  up  to  the  point  when  the  first  anti- 


ELISEEV  ex  oi GHOST  MODES  AND  RESONANT  EFFECTS  IN  AlGaN-InGaN-GaN  LASERS 


775 


crossing  occurs.  It  corresponds  to  an  in-antiphase  supermode 
with  the  main  maximum  of  intensity  in  the  cap  layer  and 
a  small  intensity  peak  in  the  active  region  [cf.  Fig.  4(b), 
curve  A].  After  the  first  anti-crossing  point,  it  changes  its 
character  to  become  the  lasing  mode  of  the  structure.  It  can  be 
thought  of  then  as  an  in-anti-phase  supermode  with  the  main 
maximum  of  intensity  in  the  active  region  and  a  small  intensity 
peak  in  the  cap  layer  [cf.  Fig.  4(b),  curve  B].  It  resembles 
closely  the  TEff1  mode  and  has  almost  constant  effective 
index  all  the  way  up  to  the  point  of  the  second  anti-crossing, 
where  the  normal  mode  2  changes  its  character  once  again  to 
become  a  ghost  mode.  This  time,  however,  it  has  two  main 
intensity  peaks  in  the  cap  layer  and  a  small  one  in  the  active 
region.  The  latter  being  insignificant,  the  mode  is  close  to 
the  TEi  mode  of  the  isolated  cap  layer  (TE^ap)  [cf.  Fig.  4(b), 
curve  C]. 

The  behavior  of  the  normal  mode  3  is  very  similar  to  that  of 
the  normal  mode  2  with  the  only  exception  that  the  number  of 
intensity  peaks  in  the  cap  layer  (whether  primary  or  secondary) 
in  each  of  the  three  regimes  of  behavior  increases  by  one 
compared  to  mode  2.  The  same  pattern  of  behavior  applies 
also  to  all  the  subsequent  normal  modes.  As  the  thickness  dcap 
gradually  increases,  all  normal  modes,  except  for  the  first  one, 
experience  resonance  two  times,  first  starting  as  a  ghost  mode 
of  a  certain  order  (i.e.,  with  a  certain  number  of  nodes  in  the 
cap  layer),  then  turning  into  the  lasing  mode,  and  ending  up  as 
a  ghost  mode  once  again  but  of  a  higher  order  (i.e.,  with  the 
number  of  nodes  in  the  cap  layer  increased  by  one).  Note  that 
the  number  of  undesirable  small  intensity  peaks  acquired  by 
the  lasing  mode  in  the  cap  layer  increases  by  one  after  each 
successive  resonance,  which  accounts  for  a  slow  reduction  in 
its  modal  gain  with  increasing  dcap*  Note  also  that  the  number 
of  parasitic  ghost  modes  in  the  structure  increases  with  an 
increase  in  dcap,  which  may  have  a  negative  effect  on  the 
overall  efficiency  of  the  device. 

The  calculated  value  of  dcap  for  the  first  resonance  in  the 
two- waveguide  Au-clad  structure  is  about  724  nm.  In  the 
.  case  of  the  Cr-clad  structure,  the  first  resonance  occurs  at 
dca P  =  733  nm.  The  second  resonant  values  of  dc ap  are  1605 
nm  and  1615  nm,  respectively,  with  periodicity  of  resonances 
being  the  same  in  both  cases  (~880  nm). 

Fig.  5  shows  in  more  detail  how  the  modal  gain  of  the  first 
two  normal  modes  depends  on  dcap  for  three  different  values 
of  the  optical  barrier  thickness  dc\ ad.  It  is  evident  from  this 
figure  that  a  dip  in  the  modal  gain  is  characteristic  of  the  lasing 
mode  under  resonant  conditions.  Increasing  the  optical  barrier 
thickness  makes  the  resonance  narrower.  It  is  still  present 
even  when  the  optical  barrier  is  very  thick,  but  cannot  be 
fully  resolved  numerically  because  of  limited  computational 
accuracy.  In  Fig.  5,  this  is  the  case  of  dc iad  =  600  nm, 
where  the  narrow  resonance  region  is  marked  with  a  dotted 
line.  The  maximum  value  of  ~62  cm"1  for  the  modal  gain 
of  the  lasing  mode  is  reached  only  when  the  corresponding 
normal  modes  have  a  dominant  maximum  of  intensity  within 
the  active  waveguide.  This  occurs  only  away  from  resonance, 
and  the  modal  gain  in  this  case  is  almost  the  same  as  it  would 
be  for  the  uncoupled  TE|}ct  mode.  Close  to  resonance,  the 
modal  gain  falls  down  dramatically,  in  spite  of  the  same  high 


Fig.  5.  Modal  gain  for  the  first  two  normal  modes  of  TE  polarization  in 
the  two-waveguide  system  of  the  active  waveguide  and  Au-clad  p-GaN  cap 
layer  as  a  function  of  the  GaN  cap  layer  thickness  dCap ,  calculated  for  three 
different  values  of  the  optical  barrier  thickness  dciad- 

value  of  material  gain  (1000  cm"1)  in  the  quantum  wells. 
The  minimum  of  the  modal  gain  (the  point  of  intersection  of 
modal  gain  curves  at  resonance)  is  almost  independent  of  the 
thickness  of  the  optical  barrier.  In  the  particular  case  of  the 
500-nm  thick  AlGaN  optical  barrier,  the  calculated  minimum 
modal  gain  is  ~2  cm-1  for  Au  contact  and  ~1.55  cm"1  for 
Cr  contact.  Obviously,  these  levels  of  modal  gain  are  not 
sufficient  to  reach  lasing  threshold.  Therefore,  a  laser  with 
a  resonant  value  of  dcap  would  not  be  able  to  operate.  The 
fact  that  the  resonance  becomes  broader  as  the  optical  barrier 
gets  thinner  implies  that  in  order  to  avoid  an  inadvertent  res¬ 
onance,  it  is  important  to  keep  the  optical  barriers  reasonably 
thick. 

B.  Resonance  in  the  “Active  Waveguide-GaN  - 

Buffer! Substrate'*  System 

In  this  section,  we  consider  possible  effects  that  another  pas¬ 
sive  waveguide  in  the  InGaN-based  diode  laser  chip,  namely 
n-GaN  buffer/substrate,  can  have  on  laser  performance.  To 
be  closer  to  the  real  situation  in  InGaN-based  diode  lasers, 
we  now  treat  the  full  system  of  three  waveguides:  p-GaN 
cap  layer,  active  waveguide  and  n-GaN  buffer/substrate.  The 
thickness  of  the  cap  layer  is  fixed  at  dcap  =  500  nm  (chosen  to 
stay  away  from  resonance  with  the  active  waveguide),  while 
the  n-GaN  buffer/substrate  thickness  dsub  is  varied  from  0.05 
fim  to  4  fj,m. 

In  the  system  of  three  coupled  waveguides,  it  is  convenient 
to  distinguish  between  the  ghost  modes  of  the  cap  layer 
(located  primarily  in  the  cap  layer)  and  the  ghost  modes 
of  the  GaN  buffer/substrate  (located  primarily  in  the  GaN 
buffer/substrate  layer). 

The  effective  index  and  modal  gain  for  the  first  five  normal 
modes  in  this  three-waveguide  system  are  shown  in  Fig.  6 
as  a  function  of  the  GaN  buffer/substrate  thickness  dsu b- 
Multiple  resonances  occur  both  in  the  “active  waveguide-GaN 
buffer/substrate”  system  and  in  the  “GaN  cap  layer-GaN 
buffer/substrate”  system.  Qualitatively,  in  the  case  of  the 
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a  sequence  of  additional  resonances  in  the  “cap  layer — GaN 
buffer/substrate”  system,  occurring  with  periodicity  of  ~650 
nm  in  dsub.  It  is  interesting  to  note  here  that  as  the  thickness 
dSub  gradually  increases,  all  the  normal  inodes  of  the  order 
higher  than  2  can  experience  resonance  four  times,  starting 
first  as  the  buffer/substrate  ghost  modes,  then  turning  into  cap- 
layer  ghost  modes,  after  that  turning  again  into  buffer/substrate 
ghost  modes,  then  becoming  the  lasing  mode,  and  eventually 
ending  up  once  again  as  buffer/substrate  ghost  modes.  Note 
also  that  for  each  value  of  dsub  this  particular  system  of  three 
coupled  waveguides  supports  only  one  lasing  mode,  and  only 
one  ghost  mode  of  the  p-GaN  cap  layer,  whereas  the  number 
of  ghost  modes  of  the  n-GaN  buffer/substrate  increases  with 
an  increase  in  dsub-  The  system  of  normal  modes  could  easily 
be  of  even  greater  complexity  should  the  individual  cap  layer 
waveguide  or  the  active  waveguide  support  more  than  one 
transverse  mode. 


).0  0.4  0.8  1.2  1.6  2.0  2.4  2.8  3.2  3.6  4.0 

Buffer/substrate  layer  thickness,  d^h  [pm] 
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Fig.  6.  Calculated  effective  index  (a)  and  modal  gain  (b)  for  the  first  five 
lowest  order  normal  modes  of  TE  polarization  in  the  three-waveguide  system 
of  the  p-GaN  cap  layer,  active  waveguide,  and  n-GaN  buffer/substrate  layer 
as  a  function  of  the  GaN  buffer/substrate  layer  thickness  dsu b.  The  notation 
TE TE^P,  and  TE/Jb,  (N  ==  0, 1, 2  •  •  •)  identifies  theTE/v  modes  of  the 
corresponding  individual  uncoupled  waveguides  (active  layer,  cap  layer,  and 
buffer/substrate  layer)  to  which  the  normal  modes  of  the  structure  are  very 
close  for  a  particular  range  of  values  of  dsub. 

“active  waveguide-GaN  buffer/substrate”  interaction,  the  be¬ 
havior  of  the  normal  modes  is  quite  similar  to  that  of  the 
“active  waveguide-cap  layer”  interaction  described  in  the 
precedent  section,  and  the  periodicity  of  the  resonances  is  also 
~880  nm.  The  dips  in  the  modal  gain  at  the  points  of  resonance 
are  not,  however,  as  deep  as  in  the  previous  case,  since  the 
buffer/substrate  waveguide  is  not  nearly  as  lossy  as  the  metal- 
clad  cap  layer  (cf.  Table  I).  The  minimum  modal  gain  is  now 
about  25  cm”1,-  while  the  maximum  value  reached  away  from 
resonance  remains  to  be  ~62  cm”1.  Nevertheless,  diode  lasers 
with  resonant  values  of  dsub  wilLhave  much  higher  threshold 
than  well-designed  devices. 

Evolution  of  normal  modes  in  a  system  of  three  cou¬ 
pled  waveguides  can  be  much  more  complicated  than  in  a 
system  of  two  coupled  waveguides.  In  the  particular  case 
illustrated  in  Fig.  6,  this  increased  complexity  is  manifested  by 


1 
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C.  Comments  on  Spectral  Effects  of  Ghost  Modes 

We  considered  above  how  the  modal  gain  of  the  normal 
modes  depends  on  the  thickness  of  the  passive  waveguides  I 
and  optical  barriers.  Qualitatively,  a  similar  behavior  can 
be  expected  for  the  normal  modes  when  the  geometry  of 
the  device  is  fixed  but  the  wavelength  is  varied.  The  only  I 
difference  will  be  due  to  refractive  index  dispersion  that  should® 
be  properly  included  into  consideration. 

The  main  spectral  effect  of  internal  mode  coupling  is  a® 
periodic  modulation  of  the  superluminescent  spectrum,  similar^ 
to  that  reported  in  [2],  [23].  The  periodicity  of  spectral  mod¬ 
ulation  observed  in  [2],  [23]  was  0.25  nm,  and  it  could  not  be^ 
explained  by  an  unintentional  longitudinal  Fabry-Perot  cavity® 

formed  inside  the  Ineer  Qtnirtiirp  A  eimilor  ie  Vnntim  in® 


:» 
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formed  inside  the  laser  structure.  A  similar  effect  is  known  in  • 
InGaAs-based  lasers  [1],  where  it  can  be  understood  within 
the  framework  of  waveguide  treatment  by  taking  into  accoun® 
the  ghost  modes  of  a  thick  GaAs  substrate.  It  should  therefor® 
be  expected  that  a  similar  effect  in  InGaN-based  lasers  can 
arise  from  the  presence  of  substrate  ghost  modes.  Howevei 
the  ghost  modes  of  GaN  buffer/substrate  can  produce  onl; 
a  much  larger  spectral  periodicity,  due  to  relatively  sm 
thickness  of  the  n-GaN  buffer/substrate  and,  correspondingly^ 
to  the  relatively  low  order  of  the  ghost  modes.  To  account  fc® 
the  observed  spectral  periodicity  of  0125  nm,  we  then  hav® 
to  consider  a  composite  sapphire/n-GaN  substrate.  Obviously, 
the  resonant  effects  on  the  modal  gain  would  be  much  weak® 
in  that  case,  since  the  photon  exchange  with  sapphire  substraU 
is  significantly  reduced  at  GaN/sapphire  interface.  The  period¬ 
icity  of  spectral  modulation,  though,  can  be  reasonably  wA 
predicted,  .  I 

When  parasitic  waveguides  are  thick,  the  number  of  tran® 
verse  ghost  modes  is  large,  with  a  small  spectral  separation 
between  two  adjacent  modes.  In  very  thick  waveguides  (sufl 
as  composite  waveguide  of  n-GaN  and  sapphire  substrat® 
this  spectral  distance  is  sufficiently  small  compared  to  the 
spectral  bandwidth  of  the  emission  spectra.  The  distant  min® 
at  the  bottom  of  the  sapphire  substrate  assists  in  forming  ghc® 
modes.  Coupling  to  these  modes  can  cause  some  periodic 
modulation  in  the  superluminescent  spectrum.  In  a  typi< 
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InGaN-GaN-AlGaN  diode  laser  structure  [23],  the  claddings 
are  500  nm  thick,  and  the  substrate  is  composite.  It  includes 
four  layers  of  the  total  thickness  ~203  jum.  The  spectral 
periodicity  of  ghost  modes  is 

AA  A/m 

where  m  is  the  order  of  the  ghost  mode  of  the  composite 
substrate.  The  value  of  m  depends  on  the  boundary  conditions 
at  the  bottom  of  the  substrate.  They  are  not  well  known 
when  the  substrate  is  in  contact  with  a  heat-sinking  material. 

If,  however,  there  is  no  optical  contact  (the  interface  is 
sapphire-air),  the  dielectric  constant  step  is  Ae  =  2.133,  using 
1.77  for  the  refractive  index  of  sapphire.  Estimation  of  the 
order  of  the  mode  that  can  be  resonantly  coupled  to  the  active 
mode  gives 

m  =  (2d/A)(Ae)1/2 

where  d  is  the  waveguide  thickness.  At  A  =  400  nm,  we 
obtain  m  =  1460,  and  the  periodicity  of  resonances  will  be 
AA  =  0.2697  nm.  This  is  sufficiently  close  to  the  observed 
subband  periodicity  of  0.25  nm  [2],  [23]  to  consider  internal 
mode  coupling  as  a  plausible  explanation  of  the  subband 
modulation”  effect. 

We  present  no  accurate  calculation  for  the  effect  of  coupling 
to  ghost  modes  of  the  sapphire  substrate  as  the  waveguide 
theory  predicts  a  very  low  penetration  of  the  laser  light  into 
sapphire  substrate  for  the  structure  shown  in  Fig.  2.  However, 
the  waveguide  theory  does  not  take  into  account  the  effect 
of  light  scattering  that  may  also  be  responsible  for  the  mode 
coupling.  It  is  reasonable  to  expect  an  enhanced  level  of 
scattering  at  the  interface  of  sapphire  and  the  highly  defective 
low-temperature  GaN  buffer  layer. 

VI.  DISCUSSION  AND  CONCLUSIONS 

Numerical  analysis  of  a  system  of  multiple  coupled  waveg¬ 
uides  clearly  shows  a  strong  effect  that  ghost  modes  located 
primarily  at  passive  waveguides  can  have  on  the  modal  gain 
of  the  lasing  mode.  The  typical  thickness  for  optical  barrier 
(AlGaN  cladding,  layer)  between  the  active  waveguide  and 
the  p-GaN  cap  layer  and  between  the  active  waveguide  and 
the  n-GaN  buffer/substrate  is  about  500  nm,  which  is  not 
sufficient  for  strong  optical  isolation.  Consequently,  internal 
mode  coupling  may  occur,  and  at  some  specific  values  of 
the  passive  waveguide  thickness  it  can  become  resonantly 
enhanced. 

The  modal  gain  suppression  at  resonance  is  the  result  of 
a  strong  decrease  in  the  optical  confinement  factor  T.  Close 
to  resonance,  the  volume  of  the  lasing  mode  is  increased  due 
to  substantial  optical  flux  within  the  passive  waveguide.  Cor¬ 
respondingly,  the  lasing  mode  experiences  additional  optical 
losses  in  the  passive  waveguide.  If  the  passive  waveguide  is  the 
cap  layer,  the  losses  in  the  metal  cladding  are  of  importance. 

In  the  case  of  resonant  coupling  with  Au-clad  cap  layer, 
we  found  the  critical  thickness  d*  of  ~724  nm  for  the  first 
resonance  to  occur.  The  resonance  with  the  cap-layer  ghost 
mode  can  be  easily  avoided  if  the  cap  layer  thickness  less 
than  d*  is  used.  However,  it  is  also  important  to  note  that 


Fig.  7.  Calculated  dependence  for  the  resonant  thickness  of  the  cap  layer 
on  the  effective  index  of  the  uncoupled  fundamental  mode  of  the  active 
waveguide.  The  numbers  labeling  the  curves  indicate  the  order  of  the 
corresponding  uncoupled  cap-layer  mode. 

the  first  resonant  thickness  d*  depends  on  the  effective  index 
of  the  lasing  mode.  The  calculated  dependence  is  shown  in 
Fig.  7.  Thus,  proper  design  of  the  active  waveguide  is  critical, 
as  it  determines  the  effective  index  of  the  lasing  mode.  For 
example,  a  greater  number  of  QW’s  in  the  MQW  structure  will 
increase  the  effective  index,  making  the  resonant  thickness  of 
the  cap  layer  larger.  Also,  an  increase  in  the  GaN-waveguide- 
layer  thickness  would  produce  an  increase  in  the  effective 
index. 

In  the  case  of  internal  mode  coupling  with  GaN 
buffer/substrate,  the  resonance  occurs  with  periodicity  of 
880  nm  as  the  buffer/substrate  thickness  dsub  is  increased. 
The  critical  values  for  the  buffer/substrate  thickness  are  710, 
1590,  2470,  3350,  4230  nm,  and  so  on.  Note  that  these 
values  are  also  sensitive  to  the  effective  index  of  the  lasing 
mode,  with  the  dependence  being  quite  identical  to  that  of 
Fig.  7.  At  resonance  with  the  buffer/substrate  ghost  modes, 
the  calculated  minimum  modal  gab  is  hot  as  low  as  it  is 
at  resonance  with  cap-layer  ghost  modes.  Tbs  is  due  to 
substantial  contribution  of  the  absorption  b  metal  claddbg  b 
the  latter  case.  Sbce  the  waveguide  approach  does  not  take 
bto  account  the  light  scattering  effects,  our  analysis  neglects 
possible  additional  optical  losses  due  to  light  scattering  b  the 
highly  defective  low-temperature  GaN  buffer  layer  adjacent  to 
sapphire  substrate.  In  a  real  laser  structure,  such  scattering  loss 
can  lead  to  even  lower  modal  gab  at  the  pobts  of  resonance 
b  the  “active  waveguide-GaN  buffer/substrate”  system. 

The  typical  thickness  of  n-GaN  buffer/substrate  is  2-4 
nm,  therefore  it  can  cobcide  occasionally  with  some  of 
the  critical  values  for  resonant  mode  couplbg.  When  such 
cobcidence  does  occur,  the  modal  gab  of  the  lasbg  mode  can 
be  dramatically  suppressed  even  though  the  active  layers  are 
supplied  with  high  material  gab.  In  diode  laser  manufacturing, 
the  quality  of  a  wafer  with  such  critical  thickness  of  the  GaN 
buffer/substrate  could  be  questioned,  while  the  true  origin  of 
no-lasbg  (or  high  lasbg  threshold)  would  be  the  btemal  mode 
couplbg.  Therefore,  considerations  of  resonant  mode  coupling 
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should  be  part  of  the  laser  design  process  to  select  the  optimal 
thickness  for  the  GaN  buffer/substrate  layer.  In  order  to  avoid 
the  effect  of  resonant  suppression  of  the  modal  gain  by  ghost 
modes,  all  parasitic  waveguide  thicknesses  should  be  away 
from  their  expected  resonant  values.  It  is  also  possible  to 
reduce  the  possibility  of  an  unintentional  resonance  by  making 
the  optical  barriers  stronger,  by  increasing  the  thickness  and/or 
A1  content  of  cladding  layers. 

The  important  rules  applied  to  the  normal  modes  in  a 
multiple-waveguide  system  when  the  thickness  d  of  one  of 
parasitic  waveguides  changes  are  as  follows: 

1)  The  calculated  effective  index  of  normal  modes  neff  (d) 
closely  follows  the  corresponding  curves  for  the  modes 
of  individual  uncoupled  waveguides  everywhere  except 
for  the  regions  where  anti-crossing  ( resonance )  occurs. 
Since  no  crossing  really  occurs,  there  is  no  spatial  mode 
degeneracy  even  if  the  modes  of  individual  uncoupled 
waveguides  might  have  the  same  phase  velocity. 

2)  According  to  this  anti-crossing  behavior,  the  lasing  mode 
(located  primarily  in  the  active  waveguide)  does  not 
correspond  to  a  single  normal  mode,  but  instead  is 
represented  by  a  series  of  different  normal  modes  with 
gradually  increasing  mode  order.  The  normal  modes 
change  their  character  (in  terms  of  the  location  of  the 
dominant  peak  in  their  intensity  profile)  at  each  anti- 
crossing  point. 

3)  Away  from  anti-crossing  points,  the  modal  profile  for 
each  normal  mode  is  close  to  that  of  the  corresponding 
mode  of  an  individual  uncoupled  waveguide,  but  con¬ 
tains  additional  contributions  from  the  allowed  modes 
of  other  waveguides. 

4)  When  phase  velocities  of  the  modes  of  individual  uncou¬ 
pled  waveguides  coincide,  the  resonant  coupling  takes 
place.  In  such  case,  the  interacting  modes  share  optical 
flux  almost  equally,  and  the  modal  gain  in  both  normal 
modes  can  be  substantially  suppressed. 

In  conclusion,  we  considered  numerically  the  optical 
modes  of  a  system  of  coupled  waveguides  characteristic  of 
InGaN— AlGaN— GaN  laser  diodes.  The  diode  chip  contains 
parasitic  waveguides  (p-GaN  cap  layer,  n-GaN  buffer/substrate 
layer),  and  the  normal  modes  located  primarily  in  these 
waveguides  (ghost  modes)  can  interact  resonantly  with  the 
lasing  mode,  causing  a  strong  modal  gain  suppression.  The 
means  to  prevent  the  undesirable  suppression  of  modal  gain 
include  the  use  of  stronger  optical  barriers  and  avoidance  of 
the  resonant  values  for  the  thickness  of  parasitic  waveguides. 
The  results  of  our  analysis  are  important  in  laser  design  as 
well  as  in  interpretation  of  some  unusual  patterns  of  behavior 
in  InGaN-based  diode  lasers. 
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1.  Introduction 

lasers  emitting  at  short  wavelengths  are  very  attractive  for  many  commercial  applications, 
ruch  as  high-density  optical  storage  systems,  high-resolution  and  color  printing  and  scanning, 
projection  displays,  UV  lithography,  and  spectroscopy/biohazard  sensing.  The  diffraction-limited 
spot  size  of  focused  laser  light  is  proportional  to  the  emission  wavelength,  which  improves  the 
surface  density  of  optical  memories  or  resolution  of  printers  as  square  of  the  inverse  wavelength. 
Digital  versatile  disks  (DVDs),  which  came  onto  the  market  in  1996,  rely  on  red  AlInGaP  diode 
lasers  and  have  a  data  capacity  of  about  4.7  Gbytes,  compared  to  0.65  Gbytes  for  standard 
compact  disks.  By  moving  to  violet  wavelengths,  the  capacity  could  be  increased  to  1 5  Gbytes, 
sufficient  to  store  a  full-length  (2h)  color  movie  on  a  single  disk.  Short-wavelength  diode  lasers 
could  also  improve  the  performance  of  laser  printers  and  undersea  optical  communications. 

The  family  of  group-III  nitrides  (InN,  GaN,  AIN  and  their  ternary  and  quaternary  alloys) 
represents  an  important  trio  of  semiconductors  because  of  their  direct  bandgaps  which  span  the 
range  of  1.95-6.2  eV,  including  the  entire  visible  region  from  650  nm  and  extending  well  out  into 
the  UV  at  200  nm.  They  form  a  complete  series  of  ternary  alloys  which,  in  principle,  makes 
available  any  bandgap  within  this  range.  This,  together  with  the  fact  that  they  also  generate 
efficient  luminescence,  has  been  the  main  driving  force  behind  their  recent  technological 
expansion.  In  a  remarkably  short  time,  the  nitrides  have  caught  up  with  and,  at  least  in  the  blue- 
violet  range,  surpassed  the  wide-bandgap  II-V1  compounds  (ZnCdSSe  or  ZnMgSSe)  as  primary 
materials  for  short-wavelength  optoelectronic  devices.  So  far,  however,  green  light  emission  has 


only  been  demonstrated  in  11-V1  diode  lasers,  although  their  serious  problems  with  reliability  (the 
longest  roomrtemperature  cw  lifetime  is  still  only  ~400  h  [1])  may  preclude  them  from  ever 
being  commercialized. 

2.  Present  leaders  in  the  nitride  diode  laser  race 

In  spite  of  many  concurrent  efforts  worldwide  at  research  laboratories  in  industry,  government 
institutions,  and  universities,  only  a  handful  of  groups  have  so  far  been  able  to  demonstrate 
electrically  pumped  III-N  lasers.  As  was  the  case  earlier  with  nitride-based  LEDs,  Nichia 
Chemical  Industries  in  Japan  holds  an  unquestionable  lead  over  everybody  else,  with  estimated 
device  lifetimes  exceeding  10,000  h  under  room-temperature  cw  operation  conditions  [2],  and 
with  first  steps  towards  commercialization  taken  in  January  1999.  The  next  best  result,  reported 
by  Fujitsu,  is  57  h  of  room-temperature  cw  operation  [3].  Other  companies  that  reported  cw 
operation  but  with  much  shorter  device  lifetimes  (ranging  from  1  hour  to  less  than  a  minute)  are, 
in  chronological  order:  CREE  Research  (USA),  Sony,  Xerox,  NEC,  and  Matsushita.  Other 
members  of  the  exclusive  nitride  laser  club,  although  at  this  point  enjoying  only  a  pulsed 
operation  status,  are  Toshiba,  University  of  California  at  Santa  Barbara,  Hewlett  Packard  -  Japan 
in  collaboration  with  Meijo  University,  SDL  (USA),  Pioneer,  and  Samsung. 

3.  Common  workhorse  -  group-111  nitrides  on  sapphire  or  SiC  substrates 

The  most  common  substrate  materials  for  growing  GaN  and  other  group-111  nitrides  are 
electrically  insulating  sapphire  and  conductive  hexagonal  (4H  or  6H)  SiC.  However,  growth  on 
those  highly  mismatched  produces  a  columnar  material,  consisting  of  many  hexagonal  grains. 
Individual  grains  are  slightly  tilted  and  rotated  with  respect  to  each  other,  which  gives  rise  to  very 
large  dislocation  densities,  typically  109-1010  cm*2.  Any  other  semiconductor  system  with  such 
high  extended-defect  densities  would  be  completely  useless  for  optoelectronic  applications.  Yet, 
both  high-brightness  light-emitting  diodes  and  low-threshold-current-density  diode  lasers  have 
been  demonstrated  in  the  III-N  system.  In  fact,  all  commercial  blue  and  green 
InGaN/AlGaN/GaN  LEDs  have  very  high  threading  dislocation  densities  that  do  not  seem  to 
affect  their  performance  or  reliability.  Our  early  experiments  with  high-pulsed-current  pumping 
of  blue  LEDs  [4]  did,  however,  indicate  that  presence  of  defects  may  have  detrimental  effect  on 
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the  diode  laser  lifetime  by  providing  a  path  for  p-contact  metal  to  migrate  down  towards  fhe/wt 
junction  under  high  forward  voltage  conditions  required  to  reach  the  lasing  threshold.  This 
results  in  shorting  of  the  p-n  junction.  This  prediction  has  been  subsequently  confirmed  by  many 
groups  trying  to  achieve  II1-N  diode  lasers;  who  observed  that  failed  lasers  would  typically 
exhibit  a  short  in  their  electrical  characteristics.  - 

4.  Present  favorite  -  ELOG 


The  longest  diode  laser  lifetime  that  was  achieved  in  ridge-waveguide  InGaN/AlGaN/GaN 
multiple-quantum-well  lasers  grown  on  sapphire  is  300  h  [5] l  At  that  point,  however,  it  became 
clear  that  Midde  lasers  do  require  a  much  better  material  quality  and  a  different  approach  was 
necessary.  One  technique  to  reduce  the  density  of  threading  dislocations  is  to  mask  out  a  large 
part  of  the  defective material,  leaving  just  small  opening  for  seeding  the  continued  growth  that 
would  then  largely  proceed  in  lateral  direction,  creating  virtually  d|  location-free  regions  over  the 


maikld^iias.  This  procedure,  known  os  epitdxial  lateral  wei&rowth  (ELOG),  is  m  present  die 
main  tactic  towards  long-lifetime  nitride-based  diode  lasers. 


By  continuing  the  ELOG  growth  beyond  $ke  point  of  coalescence  of  adjacent  masked  regions,  it 
is  possible  to  produce  layers  of  n-GaN  tl|ck  enough  (100-200  pm)  to  be  used  as  free-standing 
cork  Motive  substrates  by  removing  the  original  sapphire  substrates,  Using  this  approach,  high- 
quality  diode  lasers  with  projected  lifetimes  exceeding  10,000  hi  have  been  demonstrated  by 
Nichia  [2].  In  addition  to  improving  the  crystalline  quality  and  making  it  easy  to  cleave  Fabry 
Perot  structures,  the  use  of  ELOG-GaN  substrates  offers  an  option  of  adopting  the  usual  vertical 
design  of  diode  lasers,  with  the  17-type  contact  underneath  the  GaN  substrate.  Thus,  the  need  to 
etch  the  top  mesa  for  making  the  n-side  contact  is  eliminated,  although  we  note  that  this  option 
has  not  yet  been  used  in  Nichia  lasers.  Finally,  for  devices  mounted  n-side  down,  lasers  with 
removed  sapphire  substrates  Should  benefit  from  improved  thermal  flow,  as  thermal  conductivity 
of  GaN  (L3  V//cm-K)  is  significantly  higher  than  that  of  sapphire  (0.35  W/ciri-K). 


Composite  best  results  for  InGaN/AlGaN/GaN  lasers  on  ELOG  substrates,  as  reportedly  Nichia, 


'Threshold  current  4  s  16  mA  (typical  30-60  mA) 
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•  Threshold  current  density  Jlh  =  1 .2  kA/cm2  (typical  3  -  4  kA/cm2) 

•  Threshold  voltage  Flh  =  4.3  V  (typical  4.5  -  5.0  V) 

•  Maximum  operation  temperature  T  =  1 00°C 

•  Emission  wavelength  X  =  380  -  450  nm  (best  400  nm) 

•  Lifetime  >  1 0,000  hours  at  20  °C  and  5  raW;  >  1 ,000  hours  at  50  °C  and  5  mW 

•  Maximum  output  power  P  =  420  mW 
•Quantum  efficiency  r\  =  39%  (1.2  W/A) 

In  spite  of  these  very  encouraging  data,  ELOG  substrates  may  not,  after  all,  offer  the  ultimate 
solution  for  1II-N  lasers.  Present  offering  of  diode  laser  “samples”,  introduced  by  Nichia  in 
January  1999,  illustrates  the  difficulties  that  still  exist  with  commercialization  of  nitride-based 
diode  lasers  using  ELOG  substrates.  Rather  than  introducing  the  laser  as  a  commercial  product  at 
a  price  consistent  with  mass  consumer  market  applications,  Nichia  only  offers  single  samples  at  a 
very  high  cost  (about  $2,000  per  laser)  for  ‘^evaluation  purposes”.  This  indicates  that  while 
ELOG  approach  is  capable  of  producing  champion  devices  with  lifetimes  exceeding  10, OOOh,  it 
may  be  very  difficult  to  achieve  sufficiently  high  yield,  necessary  for  low-cost  high-volume 
manufacturing. 

5. Alternative  approaches  —.homoepitaxy,  pendeo-epitaxy,  compliant  substrates,  and 
nanoheteroepitaxy 

The  most  straightforward,  and  ultimately  probably  the  most  successive  approach  for  reliable  and 
inexpensive  1II-N  lasers,  is  to  use  high-quality  GaN  or  InGaN  substrates.  Unfortunately,  in  spite 
of  enormous  surge  of  interest  in  nitrides  for  over  5  years  now,  such  substrates  are  not  yet 
available.  It  is  impossible  to  employ  well-known  methods  of  bulk  semiconductor  growth  such  as 
Bridgman  or  Czochralski  for  III-N  crystal  growth  because  of  the  extremely  high  melting 
temperatures  and  nitrogen  vapor  pressures  required. 

Three  main  routes  pursued  in  parallel  towards  the  goal  of  developing  bulk  GaN  are:  high- 
ure  growth,  sublimation  growth  (SG),  and  hydride  or  halide  vapor-phase  epitaxy 
(VPE).  VPE-grown  GaN,  while  relatively  easy  and  inexpensive  [6],  has  failed  so  far  to  produce 
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epitaxial  structures  of  higher  optical  quality  than  those  grown  on  sapphire.  The  high-pressure 
growth  is  the  most  advanced  technique  in  terms  of  producing  high-quality  GaN(tiisiocation 
density  less  than  104  cm*2)  [7]  and  demonstrating  superior  optical  quality  of  MOGV^grown 
homoepitaxial  structures  on  HP-GaN  [8],  but  the  crystals’are  still  very  small  and  very  exjtenlive 
in  fabrication  (it  takes  200  h  to  grow  a  100  mm2  crystal!).  Successful. growth  of  HP?G;aN*has 
been  so  far  limited  to  only  one  research  group  at  the  High  Pressure  Research  Ceriter  in  Warsaw, 
Poland,  which  in  itself  indicates  the  inherent  difficulty  of  the  process.  MOCVD  homoepitaxy  on 
SG-GaN  has  been  shown  to  produce  improved-quality  material  [9],  but  the  size  of  SG-GaN 
crystals  is  still  considerably  smaller  than  that  of  HP-GaN,  and  it  is  very  difficult  to  use  them  in 


practice  until  they  become  significantly  larger.  Compared  to  the  large  number  researchers 
working  now  in  the  filed  of  group-IH  rtitfides,  thie  effort  towards  achieving  Kighi-quality'  biilk 
substrates  seems  to  be  disproportionately  small. 


Pendeo-epitaxy  is  a  variation  of  ELOG  introduced  recently  at  North  Carolina  ^tate  University 
[10],  in  which  the  lateral  overgrowth  proceeds  from  side  walls  of  GaN  trenches  etched  down  in 
conventional  epitaxial  layers  grown  on  SiC  substrates.  Mot  likely  this  approach  will  suffer  from 
problems  similar  to  usual  ELOG  structures,  namely  the  difficulties  With  obtaining  high  yield 
from  the  wafer  that  contains  alternating  regions  of  high-quality  and  low-quality  material,  and 
possible  propagation  of  defects  into  originally  defect-free  regions  under  lasing  conditions. 


Another  interesting  approach  that  so  far  has  riot  yet  been  fully  exploited  is  utilization  of  ^he  so- 
called  compliant  substrates,  in  which  a  thin  overlayer  of  a  compliant  material  absorbs  iriosfof  the 
strain  in  lattice-mismatched  growth,  resulting  in  a  high-quality  epitaxial  structure:  Initial  results 
of  GaN  growth  on  SOI  (SilicOn-on-irisulator)  [1 1]  and  LGO  (lithium  gallate,  tiGath)  [12]  look 
indeed  promising,  although  reported  characterization  of  GaN  layers  is  rather  incomplete  (for 
example,  no  data  are  available  on  threading  dislocation  density). 


Nanoheteroepitaxy  is  a  technique  somewhat  related  to  compliant  substrate  approach,  pursued  at 
the  University  of  New  Mexico,  in  which  the  substrate  material  is  prepared' by  lithographic 
etching  of  very  deep  trenches,  leaving  tall  and  narrow  (10-100  nm)  ridges  or  columns  that  can 
easily  accommodate  the  strain  of  mismatched  growth  [13].  Theoretical  estimates  indicate  that 
lattice  mismatch  as  high  as  4.2%  (well  within  the  mismatch  between  GaN  and  6H-SiC,  for 


example)  can  be  totally  absorbed  by  the  nanopattemed  substrate.  With  careful  control  of  the  size 
and  pitch  of  the  patterned  ridges/columns,  it  may  well  be  possible  to  achieve  defect-free  single¬ 
crystal  GaN  that  would  not  suffer  from  the  usual  problems  of  highly  defective  windows  and 
coalescence  regions  that  are  present  in  ELOG  layers. 

6.  Remaining  challenges 

I1I-N  diode  lasers  are  still  in  the  very  early  stages  of  their  development.  Some  of  the  remaining 
challenges  that  will  likely  be  overcome  in  the  near  future  are:  improved  performance  of  edge- 
emitting  lasers  (higher  output  power,  lower  voltage,  lower  threshold  current),  improved  thermal 
management,  stable  single-mode  operation  (development  of  distributed-feedback  lasers), 
extension  of  the  emission  wavelength  into  the  blue  and  green  spectral  regions,  and  demonstration 
of  electrically  pumped  VCSELs.  Theoretical  understanding  of  1II-N  lasers  is  still  rather  immature 
(some  controversial  or  unresolved  issues  include,  for  example,  the  role  of  piezoelectric  fields, 
localized  states,  many-body  effects,  and  extended  defects,  degree  of  strain  relaxation,  InGaN 
compositional  nonuniformities  and  formation  of  quantum-dot-like  regions,  etc.)  and  the  expected 
further  progress  in  this  area  will  certainly  assist  in  meeting  the  goals  set  for  nitride-based  diode 
lasers. 
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|  We  define  “ghost  modes”  as 


if*«ixist  in  a  diode  laser  chip  and  can  interact  resonantly  with  the 


E 


mg  mode.  Ghost  modes  are  assoc 

"layer,  as  an  example).  The  cbitdition  for  strong  internal  coupling  is  1)  penetration  of  the  laser 
ssionjnto  passive  wljveguide  volume;  and  2)  phase  synchronism  between  the  lasing  mode  and  the 
jpt  Jhe  concept  of  ghost  modes  is  applied  to  InGaN-based  diode  laser.  In  particular,  it  can  be  used  to 
Jain  the  “subband”  emission  effect  - 1 


i  Si 


rtroduction  .  •••"n 

‘ "  InGaN-based  multi-quantum-well  laser  structures  are  new  active  materials  for  laser  diodes  in  visible 


JV  wavelength  ranges  [1-4].  The  nitride  materials  are  grown  as  multi-layer  films  on  sapphire  or  on 
ier  heterogeneous  substrates.  Optical  isolation  between  seM  ate  structure  layers  and  between  the  nitride 
id  mcHubstrate  is  usually  not  perfect,  particularly'  dhe  to  silall  thickness  of  confining  layers;  As  a 
It,  laseremission  penetrates  into  die  layers  outside  of  the  active  region  and  into  the  substrate.  It  can  be 
accumulated  by  priding  layers  of  the  diode  chip  and  refl^otedaby  remote  surfaces,  in  partiedar,  by  the 
||tom  surface  of  the  substrate.  The  important  propertyrof  me]  ciip  structure  is  transparency  of  all  the 
ayers  to  laser  emission.  This  property  is  die  same  as  in  the  case  of  InGaAs  QW  lasers  grown  oh  GaAs 
ubstrate.  In  [5],  a  model  of  coupled  active  and  passive  waveguidestlvas  developed  and  applied  to  InGaAs 
lasers.  It  considers  various  “parasitic”  waveguides  existing  in  the  |aser  chip  (cap  layer,  stop-etch  layers, 
substrate).  Each  waveguide  supports  a  system  of  modes  (“ghost”  modes)  which  generally  are  quite 
lifferent  fiom  the  excited  mode  (or  modes)  of  the  active  region  (“lasing  mode”).  However,  ghost  modes 
i  interact  with  the  lasing  mode  and  can  consume  energy  from  the  lasing  mode.  Such  an  interaction  was 
led  “internal  mode  coupling”  [5].  It  modifies  spatial  configuration  of  the  output  emission  as  compared 
?fhe  unperturbed  active  mode.  v-. 

1.  Mode  Inters^  ion  in  a  Two-Waveguide  System  |  /  .... 

?  ' :  Consider  two  separate  waveguides  and  with  their  own  individual  modes;  one  is  the  faring  mode  of  the 
^active  waveguide  and  the  other  is  the  ghost  mode  of  &e  par^itip  wave^de.  When  emission  of  the  lasing 
lode  penetrates  into  the  parasitic  waveguide,  the  modal  profile  is  regularly  perturbed  by  some  subsidiary 
Ifmaximum  of  intensity  located  in  the  par|sitic  waveguide.  Such  a  perturbation  can  be  small  and  not 
important.  However, -die  interaction  of  mod^canbe resonantly^  strong  if  thdr  osdllation  frequrade«_ 
I'eoincide  and  their  phase  velocities  along  the  longitudinal  axis  coincide  (synchronism).  Mode  resonance 
land  synchronism  are  the  rules  selecting  one  of  the  variety  of  ghost  modes,  if  any,  to  be  coupled  with  the 
active  mode.  When  these  conditions  are  satisfied,  the  interacting  modes  form  a  “supermode”  which  looks 
i  like  a  superposition  (in-phase  or  qut-pf-phase)  of  the  mihyidual  modes.  The  supermode  profile  corresponds 
Ito.  sharing  the  optical  flux  between  two  waveguides.  This  means  that  the  modal  gain  (and  optical 
^confinement  factor  /)  is  resonantly  reduced  and  additional  losses  are  introduced  due  to-  absorption  hi 
passive  material  and  in  metal  (when  parasitic  waveguide  is  the  cap  layer).  If  we  scan  gradually  the  jasing 
wavelength,  resonances  can  occur  between  the  active  mode  and  ghost  modes.  Arresooance  with  the  very 
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lossy  ghost  mode  of  the  cap  layer,  where  absorption  in  the  contact  metal  produces  strong  internal  loss,  car 
stop  lasing  action  altogether  [5].  This  illustrates  how  serious  the  issue  of  modal  interactions  can  be. 

3.  Application  to  InGaN  Diode  Lasers 

The  real  InGaN/GaN 
laser  structure  (see,  for 
example,  Ref.  [2])  contains  a 
number  of  layers  (19  or 
more,  including  metal 
electrodes)  with  different 
optical  parameters.  There  are 
layers  with  relatively  lower 
or  higher  refractive  index. 
Materials  with  low  index  are 
cladding  layers,  sapphire  and 
metals,  whereas  p-GaN  cap 
layer,  the  system  of  active 
layers  and  «-GaN  layer  all 
form  separate  waveguides. 
Note  that  all  layers  are 
transparent  to  the  laser 
emission.  Parasitic  wave¬ 
guides  at  both  sides  of  the  active  one  can  extract  some  optical  power  to  themselves  providing 
additional  optical  losses  and  reducing  the  modal  gain.  In  the  cap  layer  due  to  dielectric  asymmetry  the 
ghost  mode  is  forbidden  if  the  thickness  is  smaller  than  the  critical  value.  This  allows  one  to  exclude 
the  influence  of  the  cap  layer  by  taking  its  thickness  to  be  sufficiently  smaller  than  the  critical  value. 
This  value  generally  depends  on  the  sort  of  metallic  material.  Radiation  penetrates  into  metal  for  a 
short  distance.  For  example,  for  gold  electrode,  the  penetration  depth  for  400  nm  radiation  is  -120  nm. 
Therefore,  the  mode  profile  is  sensitive  to  the  material  parameters  in  the  close  vicinity  of  the  interface. 
Since  optical  parameters  of  the  thin  intermediate  layer  between  nitride  and  metal  are  not  known  we 
decided  to  use  the  parameters  of  pure  metals  like  Au,  Cr,  Ti  which  are  used  often  as  contact  and 
adhesive  materials.  For  the  waveguide  Au/GaN/Al^Ga^N,  we  assume  parameters  as  follows:  Au,  n 
=  1.5,  k  =  1.7  [8];  GaN,  n  =  2.55,  k  =  0.000032;  Al^Ga^N,  n  =  2.5,  k  =  0.000032;  in  InGaN  active 
material  the  gain  was  taken  to  be  equal  to  1000  cm'1.  The  scheme  of  the  laser  structure  is  shown  in  Fig. 
1.  The  first  resonant  value  of  GaN  layer  thickness  for  TE  mode  in  the  Au-clad  structure  is  near  724 
nm,  the  second  resonance  occurs  at  1605  nm. 

Figs.  2  and  3  illustrate  the  phenomenon  of  internal  mode  coupling  between  the  lasing  TE  mode 
and  the  ghost  mode  of  the  cap  layer.  The  optical  barrier  between  two  waveguides  is  assumed  to  be 
provided  by  500-nm  thick  cladding  layer  of  Al0  07Gao93N.  The  plots  in  Fig.  2  show  the  dependence  of 
the  modal  effective  index  on  the  thickness  of  the  cap  layer.  At  small  values  of  there  is  no  TE 
modes  in  the  cap.  The  laser  oscillation  can  be  achieved  in  the  TE  mode  of  the  active  waveguide,  and 
the  real  part  of  the  effective  index  does  not  depend  on  dcap  from  very  beginning  to  -700  nm.  It  is  the 
horizontal  part  of  curve  1  (stable  value  is  2.538).  The  ghost  mode  in  the  cap  appears  when  d^  exceeds 
220  nm.  Its  effective  index  is  rather  lower  than  that  of  the  lasing  mode  as  represented  by  the  tilted  part 
of  curve  2.  However,  the  index  grows  up  and  approaches  the  value  of  2.538  near  the  point  where  d^  is 
724  nm.  Above  the  resonant  point  dap  =  724  nm  the  laser  oscillation  jumps  to  the  mode  representedby 
curve  2  which  remains  stable  in  the  range  from  -750  nm  to  -1605  nm  where  the  second  resonance 


Metal  electrode 


Fig.  1.  Schematic  representation  of  the  laser  chip  (guiding  regions  are 
shadowed)  and  of  mode  ray  trajectories:  1)  active  mode,  2)  cap-layer  mode,  3) 
substrate  mode. 
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|ccurs  (not  shown  in  Fig.  2).  Modes  1  and  2  are  generally  snpermodes  of  the  twin  waveguide.  Mode  1 
|b  in-phase  combination  of  TE  modes  of  both  waveguides  whereas  mode  2  is  their  out-of-phase 
Combination.  Outside  of  resonance  each  mode  has  a  small  perturbation  (maximum)  in  the  tail  which 
Effects  their  properties  very  weakly.  But  at  resonance  there  are  comparable  maximums  in  both  modes 
|n  each  waveguide.  Modal  exchange  at  the  resonant  point  is  accompanied  by  a  dip  in  the  modal  gain  as 
It  is  seen  in  Fig.  3.  The  modal  value  of  ~62  cm'1  is  reached  in  each  modes  1  and  2  only  when  they  have 
predominating  maximum  in  the  active  waveguide  which  is  the  case  out  of  resonance.  At  the  resonant 
point  the  modal  gain  drops  down  even  though  the  material  gain  in  the  active  waveguide  does  not 
ehange.  The  minimal  modal  gain  was  calculated  to  be  ~  2  an'1  for  Au-clad  case  and  ~1.55  cm'1  for 
Cr-clad  case.  Obviously,  such  a  gain  is  not  sufficient  to  maintain  the  laser  oscillation.  Therefore,  lasing 
would  be  stopped  near  the  resonant  point.  The  width  of  the  gain  dip  is  ~30  nm,  and  periodicity  of  the 
dips  is  ~880  nm,  therefore  it  seems  to  be  easy  to  avoid  an  occasional  drop  of  the  modal  gain  due  to 
puch  mode  coupling.  This  analysis  manifests  the  importance  of  this  phenomenon  when  the  coupling 
jhappens  to  be  strong.  Weak  interaction  should  be  seen  by  its  effect  on  mode  selectivity,  because  the 
ifniall  dips  of  the  modal  gain  can  be  overcome  by  laser  oscillation  jumping  into  another  spectral  mode 
[  with  higher  quality  factor. 


Thickness  [nm] 


pig.  2.  The  real  part  of  the  effective  index  of  TE  modes  in 
;  ihe  two-waveguide  system  of  the  MQW  active  waveguide 
land  fl»e  cap-layer  waveguide  versus  the  cap-layer 
I  thickness.  Curve  1  corresponds  to  the  in-phase  supermode 
l  whereas  curve  2  corresponds  to  the  out-of-phase 
|  supermode. 


Fig.  3.  The  modal  gain  of  TE  modes  in  the  same  two- 
waveguide  system  as  in  Fig.  2,  as  function  of  ttte  cap-layer 
thickness.  At  the  point  of  the  modal  exchange  (-710  nm),  a 
deep  suppression  of  the  modal  gain  occurs.  It  produces  a 
gap  of  ~30  nm  on  the  cap-layer  thickness  scale  where  laser 
action  is  canceled  by  strong  optical  losses  within  electrode 
material  and  by  reduction  of  the  optical  confinement 
factor. 


I  A  thick  waveguide  is  formed  by  nitride  and  sapphire  substrate  materials  at  the  other  side  of  the  active 
f  region.  The  spectrum  of  modes  is  more  dense  than  in  the  thin  cap  layer.  Therefore,  they  have  more  chances 
|  to  fell  into  resonance  with  the  active  mode.  In  principle,  most  of  modes  of  large  volume  can  be  far  from 
l  resonance  as  they  have  the  effective  index  close  to  that  of  the  waveguide  material  but  not  the  same  as  in 
I  the  lasing  mode.  However,  there  are  some  ghost  modes  near  their  cut-off  points.  They  have  somewhat 
:  reduced  effective  index  due  to  weak  confinement.  This  provides  an  opportunity  for  their  phase 
:  synchronism  with  the  active  mode  and  leads  to  the  periodic  spectral  variation  of  the  quality  factor  of  active 
longitudinal  modes.  Its  minimums  correspond  to  the  internal  coupling  with  some  ghost  mode.  Thus,  the 
coupling  to  ghost  modes  occurs  rather  easily  in  the  vertical  direction.  Emission  spectra  of  ridge- waveguide 
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lasers  operating  in  CW  mode  at  wavelength  near  400  nm  are  described  in  Ref.  [2].  A  feature  of  the  s  5 
was  found,  namely,  periodic  subband  emission  with  an  energy  separation  of,  2  meV  (0.25  i 
wavelength  scale),  pis  was  observed  as  a  modulation  of  the  regular  standing-wave  supeHn^jn 
spectrum  below  the  oscillation  threshold,  and  as.  laser  mode  hopping  with  an  increase  of  the  or>.« 
current.  The  hopping  occurs  to  another  longitudinal  mode  over  several  intermodal  spacings  into  th^ 
subband.  We  have  to  emphasize  that  spectral  modulation  is  a  common  effect  when -two  or  more  * 
systems  interact.  It  was  observed  earlier  in  a  compositeTcayily;  [6]  as  a  result  of ^mterf©re®cgm^» 
Fabiy-Perot  cavities;  also  it  was  found  in  solitary  cavity  units  as  a  re^t  of  uncontrollable  intra||| 
reflection, [7].  Such  a  reflection  can  occur  due  to  structural  defects  of  the  active  waveguide  (micr< 
inclusion,  growth  terrace).  Effects  of  this  type  (longitudinal;  and  lateral  •  ^  unint, 

phenomenon  are  of  quite  occasional  character.  In  order  to  explain  ^  sy^a^cmodulatiphlrr^ 
suggest  to  consider  the  vertical  coupling  to  ghost  modes  which  is  a  characteristic  of  a  wafer  rather. .  . ... 
individual  diodes.  Perefore,  it  occurs  more  systematically  than  occasional,  lnnpitiidlrifli  ^ 
coupling.  In  typical  InGaN  laser  diode  structure  [2]  the  claddings- are  500-jim  thick,  so  Ae  opticd.bS( 
not  quite  strong.  The  substrate  is  composite, and  consists  of  four  layers  of  total  thickness:i~2P3afiai| 
main  guiding  part  is  GaN  layer  (~3  pm)  preyl  ling  the  periodicity  of  about  27  nm,  which  is  out  pf  i 
shown  by  plots  in  Ref.  [2].  Due  to  high  transparency  of  the  sapphire  substrate  the  reflection  fix): 
bottom  will  affect  periodically  the  mode  properties  of  non-resonant  mode  in  a  composite  -sub 
waveguide.  Spectral  periodicity  of  such  modes  is  AX  ~  X/m,  where  m  is  the  order  of  the  ghost  mode  Of  1 
composite  substrate.  Value  m  depends  on  the  boundary  conditions  of  this  waveguide.  They  are  not  4 
known  at  the  bottom  side  where  the  substrate  is  in  contact  with  a  heat-sinking  metal.  If  there  is  no  Opti 
contact  (the  interface  is  sapphire-air)  the  dielectric  constant  step  is  Ae  =  2.133,  using  1.77  for  the  refife 
index  of  sapphire.  Estimation  of  the  order  of  the  mode  that  can  be  coupled  to  the  active  one  givefe. 
(2d/X)(Ae)m,  where  d  is  the  waveguide  thickness.  At  X  =  400  nm  we  obtain  m  =  1460,  and  the  period! 
of  resonances  will  be  AX  =  0.2697  nm.  This  is  close  to  the  subband  periodicity  observed  in  Ref.  f 
namely,  0.25  nm.  Although  our  estimate  may  not  be  very  accurate  due  to  the  uncertainty  of  boun 
conditions,  the  resonance  coupling  can  give  spectral  periodicity  in  the  range  observed  experimentally. 

4.  Conclusions 

We  have  considered  the  model  of  internal  mode  coupling  in  InGaN  diode  lasers  grown  on  sappl.... 
Specific  configurations  of  the  laser  structure  have  been  found  which  should  be  avoided  in  laser  design! 
prevent  strong  optical  losses  caused  by  coupling  with  the  cap  layer.  The  ways  to  exclude  the  resona  " 
with  the  cap  layer  are  1)  provide  sufficient  optical  barrier  between’Mfeive  region  feid  file  cap  laye^l 
sdect  the  cap  layer  thickness  below  the  critical  value  at  which  thl'r^bnl.t  internal  mode  coupling  | 
occur.  Spectral  modulation  of  the  laser  output  has  been  considered  in  te$ns  of  internal  coupling  to 
ghost  modes  of  the  substrate. 
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Results  of  high-temperature  life  testing  of  blue  double-heterostructure  LEDs  are  reported,  da 
served  reduction  in  light  output  is  attributed  to  degradation  of  the  encapsulating  plastic.  ; 

1.  Introduction 

,  <^,stV^es  device  lifetime  and  the  main  degradation  mechanisms  in  Nichia  blue  LEDs  d^ 
back  to  Spring  1994.  Following  the  initial  studies  of  rapid  failures  under  high-current  electncal'pulll 

™  ^  idCntified  88  Ae  Cause  of ' degradation,  we  have  placed  a  number  ofNill 

NLPB-500  double-heterostructure  LEDs  on  a  series  of  life  tests.  The  first  test  ran  for  1 000  hom^undli 
normal  operatmg  conditions  (20  mA  at  23  °C).  As  no  noticeable  degradation  was  observed,  the  sHl 
,teSI Was  with  the  same  devices  but  with  a  range  of  currents  between  ^ 

Tab  !  1  sPecifies  driving  currents  for  all  20  devices  placed  under  test  AMI 

1600  hours,  some  degradation  in  output  inten- 


sity  was  observed  in  devices  driven  at  60  and 
70  mA,  but  it  was  still  less  than  20%.  The  sub¬ 
sequent  tests  included  stepping  up  the  tem¬ 
perature  by  10  °C  in  500  h  intervals  up  to  a  fi¬ 
nal  temperature  of  95  °C  in  test  11,  using  the 
same  currents  as  those  applied  in  the  second 
test  [1].  In  this  paper,  we  summarize  the  main 
results  of  the  accelerated  life  testing  at  elevated 
temperatures. 

2.  High-Temperature  Life  Test  Results 
Fig.  1  shows  the  data  from  the  last 
5 1 0-hour  test,  during  which  the  ambient 
temperature  was  maintained  at  95  °C.  The 
observed  degradation  rates  are  signifi¬ 
cantly  higher  than  those  recorded  in  the 
previous  test,  conducted  at  85  °C.  In  par¬ 
ticular,  the  LEDs  driven  at  currents  ex¬ 
ceeding  50  mA  suffer  from  a  rapid  degra¬ 
dation  process.  In  spite  of  a  significant 
reduction  in  the  LED  output,  corre¬ 
sponding  I-Y  curves  show  little  variation, 
strongly  suggesting  that  the  degradation 
maybe  package-related. 


Table  I.  Driving  Conditions  for  Various  Tested  LEDsfl 
j^£^j£££_^l^_audj0^are  “older”  generation  devices  -ill 


Current  [mA] 
20 
30 
40 
50 
60 
70 


Device  numbers 
14,3,20 
4,5,6 
7,8,9 
10,11,12 
13,14,15 
16,17,18,19 


Test  11 
T  =  95  °C 


0  100  200  300  400 

Time  [hours]  fi 

Fig.  1.  Relative  change  in  intensity  of  remaining  Nichiabhifj 
LEDs  at  95  °C  for  the  final  510  hours  of  testing.  fl 
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various  currents  at  room  temperature. 


1 3.  LED  Temperature  Measurements 

|  in  order  to  understand  the  cause  of  the  observed  degradation,  we  have  examined  the  effects  of  for- 

I  ward  current  on  the  temperature  of  — i - -  ■  ■— » — ■ — « - - — 1  ■  -» — i  70 

the  LED.  First,  we  measured  the  300  ■  >  H 

change  in  the  LED  temperature  with  250 .  /  ■  60  | 

forward  current  for  an  LED  kept  in  a  ^  "g 

room  temperature  environment.  For  E,  200  ■  /  .  50  3 

this  analysis,  a  thermocouple  was  at-  v  150  -  c 

tached  to  the  heat  sink  of  the  LED.  |  .  4Q 

The»dj|ilts  are  shown  in  Fig.  2  where  tL  100-  ^ o 

t|d  LKp  temperature  and  the  applied  50  •  /  .  30 

powei  are  plotted  against  the  forward 

current.  Fig.  2  indicates  that  the  tern-  0  ^  50  60  70 

perature  of  the  LED  (as  measured  rmAi 

external  to  the  package)  could  in-  .  j  . 

i|  crease  by  over  4^  ‘C  at  the  current  Fig.  2.  LED 

levels  used  in  the  life  test.  The  use  of 

an  external  point  on  the  package  to  measure  these  temperatures  means  that  the  temperature  of  the  diode 

could  have  been  significantly  higher  than  what  was  measured. 

A  more  accurate  way  to  deter-  _ 

mine  the  temperature  of  the  diode  is  ^  ^ 

to  measure  the  junction  voltage.  To  H  '  '  '  '  ■  ,  _ 

make  this  measurement,  a  control  E  ^  1 

LED  was  placed  in  a  bum-in  oven  ®  4.0-  ^  ,  60 

and  allowed  to  come  to  thermal  equi-  -33  "  -t  "  *  50  mA 

librium  with  the  oven  temperature.  §  40  mA 

To  minimize  changes  in  the  voltage  "E  3.6  <  "*  — ♦  30  mA 

across  the  junction  due  to  self-heat-  ^  3.4  -*» — 20  mA 

ing,  the  junction  voltage  was  meas-  £  3  2  "  —  n 

ured  when  the  LED  was  first  turned  *  “  *  10  mA 

on.  An  HP  4145  semiconductor  pa-  3-5jj  JJj  jgjj  JJj  100  120  140  160 

irmeter  analyzer  was  used  for  the  Temperature  I°C] 

measurement,  allowing  the  voltage  to 

be  accurately  measured  within  1 0  ms  Fig.  3.  Forward  junction  voltage  measured  at  tum-on  for  various 

after  the  current  was  applied.  This  currents  and  temperatures, 

process  was  repeated  at  currents  from 

10  mA  to  70  mA  (coinciding  with  the  range  of  currents  used  in  the  life  tests)  and  at  temperatures  from 
30  °C  to  150  °C.  The  resulting  data,  plotted  in  Fig.  3,  show  that  there  is  a  linear  relationship  between 
the  voltage  measured  across  the  junction  and  the  temperature  of  the  junction.  From  these  data,  a  better 
estimate  of  the  encapsulant  temperature  near  the  interface  with  the  LED  can  be  made. 

To  calculate  the  diode  temperatures  experienced  by  the  LEDs  in  test  11,  a  similar  LED  was 
placed  in  an  oven  at  95  °C  and  allowed  to  come  to  thermal  equilibrium.  The  same  forward  currents 
that  were  used  in  the  life  tests  were  then  applied  and  allowed  to  stabilize,  meaning  that  the  final  tem¬ 
perature  resulting  from  the  ambient  temperature  and  self-heating  had  been  reached.  This  point  was 
determined  by  observing  the  junction  voltage  and  waiting  for  it  to  stop  decreasing.  The  results  along 
with  the  temperature  measured  on  the  external  thermocouple  are  summarized  in  Table  II. 


E4-2 

g,  4.0 


■o  3.6 
g  3.4 

p 

“■  3.2 


70  mA 
60  mA 
50  mA 
40  mA 
30  mA 
20  mA 

10  mA 


20  40  60  80  100  120  140  160 

Temperature  I°C] 

Fig.  3.  Forward  junction  voltage  measured  at  tum-on  for  various 
currents  and  temperatures. 
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T able  II.  LED  forward  voltage  at  various  currents  in  a  95  °C  ambient 


Forward 
current  [mA] 

Voltage  [V] 

Thermocouple 
temperature  [°C] 

3.1689 

96.5 

20 

3.3669 

97.5 

30 

3.538 

98.4 

40 

3.7019 

99.6 

50 

3.8679 

100.9 

60 

4.0378 

102.2 

Using  the  linear  fit  parameters 
from  the  data  in  Fig.  3  along  with  the 
data  in  Table  II,  the  junction  tem¬ 
peratures  were  calculated  for  each 
forward  current.  The  results  are 
shown  in  Fig.  4.  The  calculations 
show  that  for  forward  currents  of  50 
mA  and  higher,  the  junction  tem¬ 
perature  was  in  excess  of  145  °C.  For 
currents  smaller  than  30  mA,  where, 
according  to  the  data  in  Fig.  1,  the 
degradation  rate  is  significantly 
lower,  the  temperature  is  less  than 
135  °C.  While  the  exact  temperature 
at  which  the  plastic  begins  to  darken 
has  not  been  determined,  the  tem¬ 
perature  where  the  degradation  be¬ 
gins  to  affect  this  material  in  a  time  frame  important  to  LED  lifetimes  is  shown  in  Section  4  to  be  be¬ 
tween  135  and  145  °C. 

4.  Plastic  Degradation  Study 

Analysis  of  the  junction  temperature  described  in  Section  3  suggests  that  for  currents  above  40 
mA  in  a  95  °C  ambient  the  temperature  of  the  diode  can  exceed  140  °C.  This  means  that  the  LED  out¬ 
put  degradation  shown  in  Fig.  1  may  be  related  to  a  combination  of  ambient  temperature  and  the  LED 
self-heating.  We  have  therefore  investigated  sensitivity  of  the  encapsulating  plastic  material  to  ele¬ 
vated  ambient  temperatures.  Fig.  5  shows  three  sections  of  plastic  removed  from  a  Nichia  LED  control 
sample.  The  piece  on  the  left  has  not  been  exposed  to  more  than  normal  room  temperature  and  has  a 
clear  appearance.  The  sample  in  the  middle  was  placed  in  a  bum-in  oven  at  150  °C  in  air  for  133  h. 
This  sample  has  turned  to  a  deep  brown  color.  The  sample  in  the  right  was  placed  in  the  same  oven  at 
200  °C  for  130  minutes  and  shows  a  similar  change  to  the  sample  exposed  to  150  °C,  only  to  a  lesser 
degree.  This  test  indicated  that  at  temperatures  of  around  150  °C  (or  slightly  lower)  the  plastic  can 
change  by  a  purely  thermal  effect  in  such  a  manner  that  the  light  output  of  the  LED  could  be  attenu¬ 
ated.  While  no  visible  browning  of  the  plastic  was  observed  on  the  outside  of  the  package  in  the  LEDs 
used  in  the  life  test,  local  darkening  of  the  plastic  could  be  noticed  near  the  interface  with  the  LED.  It 
should  be  emphasized  that  the  plastic  temperature  of  150  °C  is  very  close  to  the  estimated  junction 
temperature  during  Test  1 1 . 


Fig.  4.  Calculated  junction  temperature  (7j)  at  various  forward 
currents  (ambient  temperature  95  °C). 


Fig.  5.  Sections  of  Nichia  LED  package  material:  (left)  unstressed,  (middle)  after  133  h  thermal  stress  at  150  °C,  (nght) 

after  130  min  thermal  stress  at  200  °C. 


5  Summary  and  Conclusions  _  r  i* * 

None  of  our  life  tests  of  Nichia  NLPB-500  blue  LEDs,  totaling  more  than  7,300  h  (most  of  which 

was  under  harsher  than  normal  conditions)  for  each  of  the  devices  shown  in  Fig.  1,  produced  signifi¬ 
cant  degradation  on  any  of  the  devices  in  a  manner  consistent  with  a  degradation  mechanism  attribut¬ 
able  to  the  Mktself.  These  results  indicate  that  Nichia  devices  enjoy  a  remarkable  longevity  in  spite 
of  their  highdeftsity  of  defects[3].  Earlier  analysis  of  the  degradation  characteristics  of  the  plastic 
packaging  material  demonstrated  that  a  degradation  in  light  output  at  high  currents  (greater  than  50 
mA)  could  be  caused  by  the  ultraviolet  light  emitted  by  the  LED  at  dose-to-room  temperatures  [2J.  At 
higher  ambient  temperatures,  however,  the  degradation  mechanism  changes  from  a  light-intensity  re¬ 
flated  mechanism  to  a  pure  thermal  mechanism.  By  calculating  the  junction  temperature  of  the  diode  at 
the  life  test  temperatures,  excellent  correlation  was  made  between  the  observed  degradation  rate  and 
the  temperatures  achieved  through  the  combination  of  ambient  temperature  and  diode  self-heating. 
This  analysis  was  supported  by  the  observation  of  darkening  in  plastic  encapsulant  samples  exposed  to 
temperatures  consistent  with  those  calculated  from  the  junction  temperature  measurements. 
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OPTICAL  ASPECTS  OT  INTERFEROMETRIC  GRAVITATIONAL- WAVE  DETECTORS 
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CONTENTS  §  1.  Introduction 

Vertical-cavity  surface-emitting  lasers  (VCSELs)  generate  considerable  interest 
due  to  their  unique  features  which  distinguish  them  from  conventional  edge- 
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VCSEL  arrays  can  be  operated  only  if  the  array  elements  are  excited  sequentially, 
one  at  a  time.  Average  heat-flux  densities  generated  inside  the  active  regions 
of  VCSELs  are  often  extremely  high  (~300  W/mm2  in  10-pm  diameter  etched- 
well  VCSELs  (Nakwaski  and  Osinski  [1991a]),  compared  to  ~30W/mm2  in 
15-pm  wide  stripe-geometry  edge-emitting  lasers  (Nakwaski  [1984]),  both 
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referred  to  in  this  chapter,  together  with  designated  abbreviations  by  which  they 
are  identified.  Table  1  contains  a  summary  of  key  features  of  these  devices. 


Tabic  1 


Vcrtical-cavity  surface-emitting  laser  structures 


Abbreviation 

Active  region 

Spacer  cavity 

Bottom  reflector 

Top  reflector 

Reference 

PUSEL-ATT-A 

4xl0nm 

GaAs/AlojGao  8  As 
MQW 

GRIN 

AlrGai_vAs 

0.3  0.6 

2  waves 

30.5  periods 

AlAs/Alo  1 5  Gao .85  As 
stair-case  barriers 

20  periods 

AlAs/Alo.  is  Gao.  85  As 
stair-case  barriers 

Hasnain,  Tai.  Dutta,  Wang,  Wynn,  Weir 
and  Cho  [1991];  Hasnain,  Tai,  Yang, 

Wang,  Fischer,  Wynn,  Weir,  Dutta  and 

Cho  [1991] 

PITSEL-ATT-B 

4xl0nm 

GaAs/ Alo.  3  Gao.  7  As 
MQW 

GRIN 

AlxGaj_xAs 

0.3  <jc  ^  0.6 

2  waves 

29.5  periods 

AlAs/Alo.  j  4Gao.  86  As 
stair-case  barriers 

20  periods 

AlAs/Alo.  14  Gao.  86  As 
stair-case  barriers 

Tu,  Wang,  Schubert,  Weir,  Zydzik  and 

Cho  [1991] 

PITSEL-UNM 

4x8nm  GRIN 

GaAs/Alo.  1 5 Gao. 85 As  Alr Ga j  _x As 

MQW  0.15  1.0 

1  wave 

43.5  periods 

ALA s/  Alo.  1 5  Gao.  85  As 
graded  barriers 

24  periods 

AlAs/Alo.  1 5  Gao.  85  As 
graded  barriers 

Zhou,  Cheng,  Schaus,  Sun,  Zheng, 
Armour,  Hains,  Hsin,  Myers  and  Vawter 
[1991] 

PITSEL-SNL 

3x8nm 

Gao.46ino.54P/ 

(Alo.sGao.sto.sino.sP 

MQW 

Alo.5Ino.5P 

2x3  waves 

55.5  periods 

AlAs/Alo.  5  Gao.  5  As 

parabolic-graded 

barriers 

36  periods 

AlAs/Alo.  5  Gao.  5  As 

parabolic-graded 

barriers 

Schneider,  Choquette,  Lott,  Lear,  Figiel 
and  Malloy  [1994] 

PITSEL-II-UU 

3  InGaAs/GaAs 
MQW 

Alo.3Gao.7As 

1  wave 

30.5  periods 

Alo.  7  Gao.  3  As/GaAs 

28  periods 

Alo.  7Gao.  3  As/GaAs 
graded  and  6-doped 
barriers 

Zeeb,  Reiner,  Ries,  Moller  and  Ebeling 
[1995] 

HMIDL-SFIT 

1  \xm  GaAs  DH 

Alo.isGaossAs 
>1  \im 

20.5  periods 

AIAs/Alo.  1 5  Gao.  85  As 

7  periods 

Si02/Ti02 

Wuthrich,  James,  Ganiere  and  Reinhart 
[1990] 

continued  on  next  page 
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Table  1,  continued 

..... 

— 

Abbreviation 

Active  region 

Spacer  cavity 

Bottom  reflector 

Top  reflector 

Reference 

HMUML-UCSB  0.3  nm  InGaAsP  DH  InP/InGaAsP 
(Ag  =  1.3(un)  1.4pm 

27  periods 
AlAs/GaAs  digital 
alloy  grading  + 

A  GaAs 

4  periods 

Si/Si02 

Dudley,  Babic,  Mirin,  Yang,  Miller, 

Ram,  Reynolds,  Hu  and  Bowers  [1994] 

HMSCL-RIT 

9x7nm 

InGaAsP/InGaAsP 

MQW 

InP/InGaAsP 

5  waves 

50  periods 
InGaAsP/InP 

5  periods 

Si/Si02 

Streubel,  Rapp,  Andre  and  Wallin 
[1996] 

HMSCL-II-CU 

30x6nm 

InGaAsP/InGaAs 

strain-compensated 

MQW 

1.42  pm  InP-f-  0.44  p.m  Si02/Al 

InGaAsP 

4  periods 

Si/Si02 

Chua,  Zhu,  Lo,  Bhat  and  Hong  [1995] 

HMPIL-HTC 

3x7nm  GaAs 
MQW 

Alo.gGao^As 

1  wave 

30.5  periods  8  periods 

AlAs/Alo.  |6 Gao.  84  As  ALAs/Alo.i6Gao.g4As 
graded  barriers  graded  barriers  +  5.5 

periods  Si02/Ti02 

Morgan,  Hibbs-Brenner,  Lehman, 

;  Kalweit,  Walterson,  Marta  and 
Akinwande  [1995] 

HMCCL-BTL 

1.55  tun  InGaAsP 
(Ag  =  1.4jun) 

InP 

1  wave 

45  periods 
InP/InGaAsP 
(Ag  =  1.4  pm) 

4  periods 

Si/Al203 

Fisher,  Huang,  Dann,  Elton,  Harlow, 
Perrin,  Reed,  Reid  and  Adams  [1995] 

BCCL-TUM 

3x8nm  Ino.35Gao65As 

Ino.i8Gao.82As/GaAs  860  nm 

27  periods 
AlAs/GaAs 

1 8  periods 
AlAs/GaAs 

Rochus,  Hauser,  Rohr,  Kratzcr,  Boehm, 
Klein,  Traenke  and  Weimann  [1995] 

MQW 


continued  on  next  page 
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Table  I,  continued 


Abbreviation 

Active  region 

Spacer  cavity 

Bottom  reflector 

Top  reflector 

Reference 

TEML-UCB 

3x8nm 

In<)  *»Gao  s  As/GaAs 
MQW 

Alo.33Gan  67  As 

2  x  1 500  A 

33.5  periods 

Alo.qGao  1  As/GaAs 
superlattice  barriers 

7  periods 

Alo.qGao  1  As/GaAs 
superlattice  barriers 
+  external  cavity 

Hadley,  Wilson.  Lau  and  Smith  [1993] 

TEML-II-NTT 

6  GaAs/Aln  iGsogAs  AlnjGao  7AS 
MQW  1  wave 

34.5  periods 

A1q  1 5  Gao  85  As/  Al  As 

20  periods 

Aln.15Gao.g5As/ 

Alo.5Gao.5As/AlAs 

Ohiso.  Kohama  and  Kurokawa  [1995] 

BEML-UCSB 

3x8nm 

lno.2Gao.8As/GaAs 

MQW 

Alo.2Gao.8As 

1  wave 

18.5  periods 
AlAs/GaAs 
graded  barriers 
+  Au  contact 

16  periods 
AlAs/GaAs 
graded  barriers 

Geels.  Thibeault.  Corzine,  Scott  and 
Coldren  [1993] 

BEML-II-TIT 

3x8nm 

Ino  2  Gao.  8  As/GaAs 
MQW 

Alo.4Gao.6As 

1  wave 

22  periods 
AlAs/GaAs 
graded  barriers 

25  periods 
AlAs/GaAs 
graded  barriers 
+  metalization 

Mukaihara,  Hayashi,  Hatori,  Ohnoki. 
Matsutani,  Koyama  and  Iga  [1995] 

DF-BEML-UCSB  7x7  nm  InOaAsP 
MQW 

TnGaAsP 

5.2  waves 

25.5  periods 
AlAs/GaAs 
graded  barriers 

24  periods 
AlAs/GaAs 
graded  barriers 

Babic,  Dudley,  Streubel,  Minn,  Bowers 
and  Hu  [1995];  Babic,  Streubel,  Mirin, 
Margalit,  Bowers  and  Hu  [1995] 

TBEML-UU 

3x8nm 

Ino.2Gao.8As/GaAs 

MQW 

Alo.4Gao.6As 
l  wave 

24.5  periods 
AlAs/GaAs 
stair-case  barriers 

20  periods 
AlAs/GaAs 
stair-case  barriers 
+  metalization 

Wipiejewski.  Panziaff,  Zeeb  and 
Ebeling  [1994] 

continued  on  next  page 
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Table  1,  continued 


Abbreviation 

Active  region 

Spacer  cavity 

Bottom  reflector 

Top  reflector 

Reference 

AGTL-SU 

2x6nm 

Ino  21G210  79  As/GaAs 
MQW 

ALAs/ Alo.  3  [  Gao.69  As/ 
GaAs 

2  waves 

22.5  periods 

GaAs/ AlAs 

2xSiO,/SiNr;f$/SiO, 
+  A/4  GaAs  + 
metalization  +  air  gap 
+  7  periods 
InP/InGaAsP  +  5 
periods  Si02/Ti02 

Sugihwo,  Larson  and  Harris  [1997] 

AGTL-n-UCB 

3  GaAs 

MQW 

AlAs 

1  wave 

24  periods 

4.5  periods  +  air  gap 
+  22.5  periods +  Au 
metalization 

Vail,  Li,  Yuen  and  Chang-Hasnain 
[1996] 

DMEWL-TIT-A 

2  pm  InGaAsP  DH 
(Ag  =  1.3  pm) 

InP 

5.8  pm 

Si02/Au/Zn/Au 

A/4-SiCh/Au 

Uchiyama  and  Iga  [1984] 

DMEWL-TTT-B 

2.5  pm  GaAs  DH 

Alo.3Gao  7AS  (2.7  pm) 
Alo.1Gao.9As  (0.3  pm) 

5  periods 

Si02/Ti02 

Au/Si02/Ti02/Si02 

Koyama,  Kinoshita  and  Iga  [1989] 

DMEWL-OFL 

I2x4nm 

InGaAsP/InGaAsP 
(Ag  *1.1  pm) 

MQW 

InP 

5pm 

8.5  periods 

Si/Al203 

+  Au  metalization 

6  periods 

Si/Si02 

Uchiyama  and  Kashiwa  [1995]; 
Uchiyama,  Yokouchi  and  Ninomiya 
[1997] 

SMEWL-ATT 

0.5  pm  GaAs  DH 

Alo.3Gao.7As 

300  nm 

5  periods 

AIq.  1  Gao.9  As f 

Alo.7Gao.3As 

22  periods 

AlAs/ Alo.  i  Gao.9  As 

Tai,  Fischer,  Seabury,  Olsson,  Huo,  Ota 
and  Cho  [1989] 
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Table  1.  continued 


00 


Abbreviation  Active  region  Spacer  cavity  Bottom  reflector  Top  reflector  Reference 


UMEWL-UCSB 

0.5  tun  InGaAsP  DH 
1.3  pm) 

InP 

4  pm 

5  periods 

Si3N4/Si 

5  periods 

Si3N4/Si 

Wada,  Babic.  Crawford.  Reynolds, 

Dudley,  Bowers.  Hu,  Mere,  Miller, 

Koren  and  Young  [1991] 

HMML-NTT 

9x  1%-compressibly 
strained 

InGaAsP/InGaAsP 

MQW 

InGaAsP 
(Ag- 1.2  tun) 

25  periods 

GaAs/AlAs 
+  10.5  periods 
InP/InGaAsP 

7  periods 

InP/InGaAsP 
+  5  periods 

Si07/Ti02 

Ohiso,  Amano,  Itoh,  Tateno,  Tadokoro, 
Takenouchi  and  Kurokawa  [1996] 

PIBEL-ATT 

3x8nm 

Ino.  2  Gao.  8  As/Ga  As 
MQW 

GaAs 
l  wave 

20  periods 

AlAs/GaAs 

14  periods 

AlAs/GaAs 

Jewell,  Scherer,  McCall.  Lee,  Walker, 
Harbison  and  Florez  [1989] 

BEOML-TIT 

3x8nm 

Ino.2Gao.8As/GaAs 

MQW 

22.5  periods 
ALAs/GaAs 

20  periods 

AlAs/GaAs 
graded  barriers  + 
metal  ization 

Hayashi.  Mukaihara,  Hatori,  Ohnoki, 
Matsutani.  Koyama  and  Iga  [1995] 

BEOML-II-UCSB 

3x8nm 

Ino.  1  ?Gao  83  As/GaAs 
MQW 

Alo.  3  Gao  7  As 

1  wave 

18.5  periods 
AlAs/GaAs 
digital  alloy  grading 

21  periods 

Alo.9Gao.  1  As/GaAs 
Au  metalization 

Thibeault,  Bertilsson,  HegblJjpi, 
Strzeiecka.  Floyd,  Naone  antffioldren 
[1997]  ^ 

BEOML-III- 

UCSB 

3x8nm 

Ino.  174' Gao^As/ 
GaAs 

MQW 

AIq.  5  Gao  5  As 

0.24  pm 

18.5  periods 
AlAs/GaAs 
graded  barriers 

26  periods  Floyd,  Thibeault,  Coldren  atffLMerz 

Alo.75Gao.25  As/GaAs  [1996]  *U 

+  l  period 

GaAs/AlAs  graded 
and  6-doped  barriers 

continued  on  next  page 

Table  1,  continued 

Abbreviation 

Active  region 

Spacer  cavity 

Bottom  reflector 

Top  reflector 

Reference 

TEOML-SNL-A 

4x6nm 

Ino.56Gao.44P/ 

(AIq.  5  Gao.  5)0. 5  Ino.  5* 
MQW 

AlGalnP 
l  wave 

> 

55.5  periods 

Al  As/  AIq.  5  Gao.  5  As 
parabolically  graded 
barriers 

34  periods 

Al  As/AIq.  5  Gao.  5  As 
parabolically  graded 
barriers 

Crawford  and  Schneider  [1995]; 
Choquette.  Schneider.  Crawford,  Geib 
and  Figiel  [1995] 

TEOML-SNL-B 

3  x  InGaAs 

MQW 

AlGaAs 

1  wave 

38  periods  25  periods  Lear,  Schneider,  Choquette,  Kilcoyne, 

Alo.96Gao.04 As/GaAs  Al0.96Ga0.04  As/GaAs  Figiel  and  Zolper  [1994];  CfcPfluette, 
uniparabolically  uniparabolically  Schneider.  Lear  and  Geib  [19$}];  Lear, 

graded  barriers  graded  barriers  Choquette.  Schneider  and  Kilioyne 

[1995] 

TEOML-II-USC  3x6nm  Alo.5Gao.5As 

Ino.j5Gao.85As/GaAs  1  wave 

MQW 

30  periods 
AlAs/GaAs 

4  periods 

AlAs  oxide/GaAs 

MacDougal,  Dapkus.  Pudikov,  Zhao  and 
Yang  [1995];  Yang,  MacDou^il  and 
Dapkus  [1995] 

TEOML-III- 

KAIST 

4x8nm 

AIq.  u  Gao.  89  As/ 
Alo.3Gao.7As 

MQW 

AlGaAs 

1  wave 

40  periods 
Alo.3Gao.7As/ 
Al0.9Ga0.jAs 
linearly  graded 
barriers 

26  periods 

Alo.  3  Gao.  7  As/ 

Alo.  9  Gao.  1  As 
linearly  graded 
barriers 

Shin,  Ju,  Shin,  Ser,  Kim,  Lee,  Kim  and 
Lee  [1996] 

TEOML-IIl-UU  3x8nm 

GaAs/Alo  .2  Gao  g  As 
MQW 

AIq.  5  Gao.  5  As 

1  wave 

30.5  periods 

Al  As/  Alo.  2  Gao  g  As 

26  periods 

Alo.9Gao.  j  As/ 
Alo.2Gao.8As 
step-graded  and 
6-doped  barriers 

Schnitzer,  Fiedler,  Grabherr,  Jung, 
Reiner,  Zick  and  Ebeling  [1996];  Jager, 
Grabherr.  Jung,  Michalzik,  Reiner, 

Weigl  and  Ebeling  [1997] 
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Table  1.  continued 


Abbreviation 

Active  region 

Spacer  cavity 

Bottom  reflector 

Top  reflector 

Reference 

HMOL-UTA 

3x6nra 

In0.2Ga0.gAs/GaAs 

MQW 

GaAs 
l  wave 

26  periods 

AlAs/GaAs 

1  period 

AlAs/GaAs 
+  4-6  periods 
ZnSe/CaFi 

HufFaker,  Deppe  and  Rogers  [1994]; 
Huffaker,  Shin.  Deng,  Lin,  Deppe  and 
Streetman  [1994] 

HMOL-II-UTA 

8  nm  In0.2Ga0.gAs/ 
GaAs 

SQW 

Alo.%Gao  04  As  + 
Alo.75Gao.25As/ 

GaAs  superlattice  + 
1/2  wave  GRIN 
AlGaAs 

26  periods 

AlAs/GaAs 

5-7  periods 
MgF/ZnSe 

Huffaker,  Graham,  Deng  and  Dcp  Ji  jj|^| 

DCCOL-SNL 

3x8nm  ItVnGao.gAs 
MQW 

GRIN 

AlGaAs 

1  wave 

38  periods 

GaAs/Alo.92  Gao.08  As 
uniparabotically 
graded  barriers 

18  periods 

GaAs/ Alo.  92  Gao.  08  As 
uniparabolically 
graded  barriers 

Lear,  Mar,  Choquette,  Kilcoyne, 

Schneider  and  Geib  [1996];  Choquette, 
Chow,  Crawford,  Geib  and  Schneider 
[1996] 

DO-DBRL-USC 

2x6.5  nm 
Ino.2Gao8As 
(Ag*0.99  |un) 

GaAs  MQW 

AlGaAs—GaAs- 

InGaAs 

1  wave 

7  periods 

AlAs  oxide/GaAs 

5  periods 

AlAs  oxide/GaAs 

MacDougal,  Yang,  Bond,  Lin,  Tishinin 
and  Dapkus [1996] 

* 

continued  on  next  page 

Table  1,  notes 

Abbreviations 

P1TSEL.  proton-implanted  top-surface-emitting 
laser 

HMIDL.  hybrid-mirrors  in-diffused  laser 
HMUML.  hybrid-mirrors  undercut-mesa  laser 
HMSCL.  hybrid-mirrors  strain-compensated  laser 
HMPIL,  hybrid-mirrors  proton-implanted  laser 
HMCCL.  hybrid-mirrors  current-confinement  laser 
BCCL.  buried  current-confinement  laser 
TEML.  top-emitting  mesa  laser 
BEML.  bottom-emitting  mesa  laser 
DF.  double-fused 

TBEML.  tunable  bottom-emitting  mesa  laser 
AGTL,  air-gap  tunable  laser 
DMEWL.  dielectric-mirrors  etched-well  laser 
SMEWL,  semiconducting-mirrors  etched-well  laser 
UMEWL  undercut-mesa  etched-well  laser 
HMMU  hybrid-jnirrors  mesa  laser 
PIBEL  proton-implanted  bottom-emitting  laser 
BEOML.  bottom-emitting  oxidized  mesa  laser 
TEOML,  top-emitting  oxidized  mesa  laser 
HMOL,  hybrid-mirrors  oxidized  laser 
DCCOL.  double-current-confinement  oxidized  laser 
DO-DBRL.  double-oxide  DBR  laser 


ATT.  AT&T  Bell  Laboratories 

UNM.  University  of  New  Mexico 

SNL.  Sandia  National  Laboratories 

UU.  University  of  Ulm 

CL*.  Cornell  University 

SFIT.  Swiss  Federal  Institute  of  Technology 

UCSB.  University  of  California  at  Santa  Barbara 

RIT.  Royal  Institute  of  Technology 

HTC.  Honeywell  Technology  Center 

BTL.  BT  Laboratories 

TUM.  Technische  Universitat.  Munchen 

UCB.  University  of  California  at  Berkeley 

NTT.  NTT  Opto-electronics  Laboratories 

TIT.  Tokyo  Institute  of  Technology 

SU.  Stanford  University 

OFL.  Optoelectronics  Furukawa  Laboratory 

USC.  University  of  Southern  California 

UTA.  University  of  Texas  at  Austin 

KAIST.  Korean  Advanced  Institute  of  Science  and 

Technology 


MQW.  multiple  quantum  well 
SQW,  single  quantum  well 
DH.  double  heterostructure 
GRIN,  graded  index 
/.g,  bandgap  wavelength 
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Tabic  8a 

Analytical  comprehensive  thermal  VCSEL  models 


Ref. 

Year 

Structure 

Method 

Current 

spreading 

Carrier 

diffusion 

Structure 

modeling 

NR 

SP 

Heat  sources3 

ST  VJ 

BJ 

CJ 

*<n 

Self-consistency  b 

Th-El  Th-Op  El-Op 

1 

1987 

DMEWL 

Fourier 

- 

- 

crude 

+ 

- 

- 

- 

- 

- 

- 

- 

- 

2 

1991 

DMEWL 

Green 

+ 

- 

good 

+ 

+. 

- 

+ 

- 

+ 

+ 

+ 

+c 

3 

1992 

PITSEL 

Fourier 

+ 

- 

exact 

+ 

+ 

+ 

4- 

+ 

- 

+ 

+  ■ 

+c 

4 

1995 

DMEWL 

Green 

.+ 

- 

good 

+ 

+ 

+ 

- 

+ 

+ 

+ 

+c 

5 

1995 

PITSEL 

Green 

- 

fair 

+ 

+ 

•  + 

- 

- 

- 

-7 

*  Abbreviations:  NR,  nonradiative  recombination:  SP,  absorption  of  spontaneous  radiation;  ST,  absorption  of  stimulated  radiation;  VJ,  volume  Joule 
heating;  BJ,  barrier  Joule  heating  at  heterojunctions;  CJ,  barrier  Joule  heating  at  the  p-side  contact 

b  Abbreviations:  *(7*),  temperature-dependent  thermal  conductivity;  Th-El,  thermal-electrical:  Th-Op,  thermal-optical;  El-Op,  electrical-optical. 


*  Partly. 

References 

(1)  Kinoshita.  Koyama  and  lga  (1987} 

(4)  Osinski  and  Nakwaski  [1995b] 

(2)  Nakwaski  and  Osinski  [1991a,b.  1993] 

(3)  Nakwaski  and  Osinski  [1992c,  1994] 

(5)  Zhao  and  Mclnemey  [1995] 

Table  8b 

Numerical  comprehensive  thermal  VCSEL  models 

Ref.  Year  Structure  Method0  Current  Careier  Structure  Heat  sources'1  Self-consistency b 


spreading  diffusion  modeling 


1 

1993 

UMEWL 

FDM 

- 

- 

fair 

2 

1993 

TBEML 

FEM 

+ 

- 

exact 

3 

1994 

HMML 

FEM 

+ 

- 

fair 

4 

1994 

TEML 

CVM 

+ 

- 

fair 

5 

1994 

PITSEL 

FEM 

+ 

- 

fair 

6 

1995 

DMEWL 

FEM 

+ 

- 

exact 

7 

1995 

DMEWL 

FEM 

- 

- 

fair 

8 

1995 

PITSEL 

FEM 

+ 

+ 

exact 

9 

1996 

PITSEL 

FEM 

+ 

+ 

fair 

*  Abbreviations:  FDM,  finite-difference  method;  FEM,  finite-element  method: 
b  See  table  8a. 


NR 

SP 

ST 

VJ 

BJ 

CJ 

k{T) 

Th-El 

Th-Op 

El-Op 

+ 

+ 

7 

+ 

+ 

+ 

+ 

^p. 

+ 

: 

+ 

+ 

- 

- 

- 

- 

- 

- 

- 

- 

+ 

+ 

+ 

+ 

+ 

- 

- 

- 

- 

- 

+ 

+ 

+ 

+ 

+ 

+ 

- 

+ 

+ 

- 

+ 

+ 

- 

+ 

- 

+ 

+ 

+ 

- 

- 

+ 

+ 

- 

- 

.  - 

- 

- 

- 

- 

+ 

+ 

+' 

+ 

+ 

+ 

+ 

+ 

+ 

- 

+ 

+ 

+ 

4- 

- 

- 

- 

- 

+ 

+ 

CVM,  control-volume  method. 
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pnal  Report  (March  15, 1996  to  September  30, 1999) 

Influence  $  the  Microstructure  on  Transport  Properties  of  p-'  ype  GaN:Mg 

A.  K.  Rice,  K.  J.  Malloy 

We  have  presented  an  analysis  of  the  hole  transport  in  p-type  Mg-doped  GaN 
grown  on  sapphire  substrates  by  metal-organic-chemical  vapor  deposition  (MOCVD). 
We  found  that  the  experimental  Hall  mobility  cannot  be  explained  solely  by  traditional 
extended  state  scattering  mechanisms.  Not  only  are  the  mobilities  not  accurately 
modeled  by  numerically  solving  the  Boltzmann  transport  equation  (BTE),  but  the 
calculated  results  do  not  even  reflect  the  trend  in  experimental  mobility  values  between 
the  investigated  samples.  We  attributed  these  discrepancies  to  the  microstructure  of 
GaN:Mg  grown  on  sapphire.  A  micr^rlacture-oriented  transport  model  was  presented 
for  an  interpretation  of  the  transportpf  holes  in  p-type  GaN:Mg  grown  on  sapphire.  The 
microstructure-oriented  model  provides  a  simplified  picture  of  the  microstructure, 
consisting  of  two  distinct  microstructural  phases  in  GaN  on  sapphire.  Using  this  model 
for  the  experimental  mobility,  the  extracted  parameters  from  hole  transport  measurements 
were  shown  to  be  positively  correlated  with  microstructural  parameters  determined  from 
x-ray  diffraction  (XRD)  measurements.  The  experimental  mobility  of  p-type  GaN:Mg 
grown  on  sapphire  can  be  described  as  dependent  upon  the  acceptor  doping,  impurity 
compensation,  and  microstructure,  including  dislocation  density,  columnar  grain  size,  and 
grain  boundaries. 

With  improved  growth  of  GaN,  the  material  \|;(11  approach  ideal  single  crystal 
quality.  In  these  cases  the  mobility  of  p-type  GaN.Mg  should  be  well  described  by 
traditional  extended  state  scattering  mechanisms.  The  calculated  mobility  for  crystalline 
p-type  GaN:Mg  with  an  activation  energy  of  150  meV  and  compensation  ratio  of  K  =  0.1 
is  constant  with  a  value  of  -120  cm2/Vs  for  substitutional  Mg  doping  less  then  lxlO18 
cm-3  at  300  K.  The  calculated  conductivity  shows  an  upper  limit  of  10  (Q.  cm)'1  at  300  K 
and  30  (Q  cm)'1  at  500  K.  These  results  imply  that  as  the  growth  of  p-type  GaN:Mg 
improves,  GaN  devices  that  include  p-type  GaN:Mg  will  still  possess  a  high  spreading 


resistance. 


In  addition,  we  investigated  the  noise  properties  of  p-type  Mg-doped  GaN  using 
low  frequency  noise  spectroscopy.  The  epitaxial  GaN:Mg  films  were  grown  on  a 
sapphire  substrcte  by  metal-organic  chemical  vapor  deposition  (MOCVD)  in  different 
laboratories.  Generation-recombination  (g-r)  noise  and  1/f  noise  were  observed  for 
temperatures  above  250  K.  The  magnitude  of  the  1/f  noise  exceeds  the  g-r  noise 
magnitude  for  frequencies  less  than  30  Hz,  and  the  1/f  noise  level  was  characterized  by 
high  values  of  the  Hooge  parameter,  a  =  1-4150,  indicating  aJiiigh  level  of  structural 
imperfection.  In  addition,  the  integrated  nojjie  power  spectral  density  divided  by  the 
voltage  squared  in  the  frequency  range  of  1  Hz  to  30  Hz,  corn^ajjud  strongly  with  the 
structural  imperfection  (if  the  sample  as  measured  from  the  asymmetric  rocking  curve  (o)- 
scan)  FWHM.  The  generation-recombination  noise  was  related  to  a  high  concentration 


trap  level  with  an  acj||:jtion  energy  of  120  meV  ±  25  meV  and  a  ij'epulsive  barrier  that  is 
possibly  associated  \$th  the  Mg  dopant. 
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BULKNOISE  PROCESSES  IN  MAGNESIUM- 
DOPED  GaN  GROWN  ON  SAPPHIRE 
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Abstract  We  report  low  frequency  noise  measurements  on  Mg-doped  GaN.  The  hulk  sample  studied 
was  grown  by  MOCVD  on  a  sapphire  substrate.  Ohmic  contacts  were  made  hy-jrnnealing  a  Pt/Au 
metallization  to  a  sample  with  volume  1  cm  x  0.3  cm  x  2  pm.  The  noisie  properties  were  studied  at 
300K  to  400K  for  a  wide  range  of  frequencies  (1  Hz- 1 QO  WJlz).  A  constant  current  was  applied  to  the 
sample  and  the  noise  voltage  between  two  other  contact  was  measured  using  a  lock-in  amplifier. 
Generation  recombination  (g-r)  noise  and  1/f  noise  are  oostlived  for  temperatures  above  300  K.  The 
generation-recombination  noise  is  related  to  a  trap  level  with  activation  energy  of  183  meV,  coinciding 
with  the  Mg  level  in  the  bulk  region.  The  spectral  density  of  the  noise  fluctuations  typically  varied  from 
1  O’"  V2/Hz  at  1  Hz  to  10  “  V2/Hz  for  1 00  kHz. 


INTRODUplON 


G$N  has  drawn  attention  recently  due  to  its  large  bandgap  with  emission  in  the  UV 
and  blue  wavelengths.  Today,  there  are  many  challenges  that  are  hindering  the 
development  of  GaN  devices.  One  such  challenge  is  the  p-type  GaN  ri|aterial.  GaN 
has  proven  to  be  difficult  to  dope  p-type  due  to  a  high  n-type  background 
concentration  and  the  lack  of  a  shallow  p-type  acceptor.  Successful  p-type  doping  has 
beqp  achieved  with  magnesium  although  the  material  is  compensated  and  typ  ically 
possesses  high  resistivity,  low  mobility,  and  an  activation  energy  in  the  range  of  150  - 
200  meV.  Devices  based  on  this  material  have  been  shown  to  possep|(|j[)jgher  noise 
power  densities  and  hooge1,2’3  parameters  than  equivalent  GaAs'and  Si  devices, 
possibly  due  to  the  large  number  of  dislocations,  108  -  1010  cm'2,  and  resulting 
structural  inhomogeneity.  An  understanding  of  the  n$se  processes  in  bulk  GaN:Mg  is 
essential  to  assessing  the  reliability  and  quality  of  GaN-based. 


EXPERIMENTAL  DESCRIPTION 


The  samples  investigated  were  grown  on  sapphire  substrates  by  metal-organic 
chemical  vapor  deposition  (MOCVD).  A  2  pm  thick  p-type  layer  of  GaN  doped  with 
magnesium  was  grown  on  a  GaN  buffer  layer.  The  GaN:Mg  was  activated  at  700°C 
for  20  minutes  prior  to  metallization.  Ohmic  contacts  were  made  by  annealing  a  Pt/Au 
metallization  at  750  °C  for  10  minutes.  A  carrier  concentration  at  room  temperature  of 
7  x  1016  cm'3  was  measured  using  a  Hall  bar  geometry  with  ||aensions  1  cm  x  0.3  cm  x 
2  pm,  and  an  activation  energy  of  177  meV  was  determined  from  temperature 
dependent  resistivity  measurements.  Noise  measurements  were  performed  using  the 
same  Hall  bar.  The  noise  characteristics  were  mes  sured  jnphe  frequency  range  of  1  Hz 
to  100  kHz  using  a  Stanford  Research  Systems  SR83urdi^i|f|il  lock-in  amplifier.  The 
noise  density  power  spectrum  for  each  sample  was  ex|fhiijjj  d  for  a  temperature  range 
of  300K  to  400K.  A  constant  current  was  placldl  across  two  contacts  and  the 
fluctuation  in  voltage  was  measured  at  two  other  contacts.  At  each  measurement 
frequency  the  sample  was  allowed  to  stabilize  for  45  seconds  and  100  data  points  were 
averaged. 


RESULTS  AND  DISCUSSIONS 


The  dominant  transport  mechanism  in  these  samples  is  the  electric  field-induced  drift 
of  holes  in  the  valence  band.  These  holes  originate  from  the  Mg-acceptor  level,  located 
approximately  177  meV  above  the  valence  band  edge  as  determined  from  Hall 
measurements.  Under  near-equilibrium,  steady-state  conditions  there  is  no  net 
accumulation  of  ch  arge  and  the  generation  rate  must  ec]ual  the  recombination  rate.  But, 
there  will  be  a  microscopic  variation  the  generatiomrecombination  rates.  It  is  this 
microscopicjihcu;  ition  that  is  observed  as  noise.  The  noise  power  density,  Sv((fl),  for 
a  generatiomrlconbination  (g-r)  noise  process  possesses  a  Lorentzian  spectrum  of  the 
form 


Sv(0))  =  A 


T 

1  +  (cot)2  ’ 


(1) 


where  A  = - is  a  measure  of  the  individual  processes,  x  is  the  characteristic  time 

VPo 

of  the  g-r  process,  V  is  the  voltage  across  the  sample,  NT  is  the  concentration  of  bulk 
traps,  v  is  the  sample  volume,  and  p]  is  the  density  of  free  carriers  at  Ef  =  ET4.  The 
characteristic  time  x  is  expected  to  follow  an  Arrhenius  equation 


10-12 

•  experimental  data 

- 1  /  f  noise  component 

- g  -  r  noise  component 

- total  -  theory  -  g  -  r  +  1/f 

^  10-13 

T— 

T  10’14 

noise 

>  nr15 

0)>io-,6 

g  •  l noise 

1/f  noise  >vy. V" 

10-17 

10'18 

4 — rr — 

i 

where  x0  is  a  constant  and  £ris  the  activation  energy  of  the  level  involved  in  the  g-r 
process.  Figure  1  displays  the  noise  power  density  divided  by  the  voltage  squared, 

versus  frequency.  The  magnitude  of  the  1/f  noise  exceeds  the  g-r  noise  magnitude 

for  frequencies  |ess  than  30  Hz.  Above 
30  Hz  g-r  noise  for  one  trap  level  is 
predominant.  As  shown  in  Fig.  1  the 
experimental  data  can  be  fit  to  one  g-r 
level  and  1/f  noise.  In  order  to 

determine  t  a$dj  irately  it  is  convenient 
to  multiply  the  measured  noise  power 
density  by  to  =  2nf  and  divide  by  the 

voltage  squared.  A  plot  of  versus 

frequency  on  a  log  linear  scale  will 

exhibit  a  peak  at  f  =  1  /2tc  t,  the 
characteristic  frequency  of  the  g-r 

process5.  The  activation  energy,  E,.,  of 
the  g-r  process  can  be  obtained  from  a 
plot  of  log(x  T2)  verse  the  inverse 
temperature.  Figure  2  displays  the 

S„co 

versus 


freauencv  (Hzl 

FIGURE  1.  Excess  noise  in  GaN:Mg  at  3O0K 


normalized  noise  density,  , 

frequency  at  300  K,  350K,  and  400K.  At  300  K  a  clear  g-r  noise  component  is 
observed  while  two  g-r  noise  components  are  observed  at  350  K  and  400  K. 


frequency  (Hz) 


FIGURE  2.  Normalized  noise  spectra  for  bulk 
GaN:Mg  at  T  =  300  K,  T  =  350  K,  and  T  = 
400  K. 


FIGURE  3.  Arrhenius  plot  of  the  inverse  time 
constant  f=l/2irc.  A  level  can  be  identified  at 
1 83  meV  above  the  valance  band. 


The  Arrhenius  plot  for  the  GaN:Mg  sample  studied  is  shown  in  Fig.  3.  We  find  a  trap 
located  at  1 83  meV  above  the  valance  band  with  a  concentration  of  Nf  =  5  x  1018  cm'3 
and  capture  cross  section  of  1.4  x  10'22  cm2.  The  activation  energy  and  trap 
concentration  are  close  to  the  magnesium  activation  energy  of  177  meV  and 
concentration  of  -1.5  x  1018  cm"3  obtained  from  temperature  dependent  Hall  and 
resistivity  measurements.  The  measured  capture  and  emission  rates  were  unusually 
slow  for  a  level  located  at  183  meV  and  the  capture  cross  section  is  less  than  expected 
for  an  attractive  coulombic  center.  We  attribute  this  g-r  level  to  the  bulk  GaN  neutral 
regions  and  not  to  any  depletion  regions  that  may  exist  in  the  bulk  owing  to  the 
structural  defects.  Such  depletion  region  contributions  are  excluded  since  studies  on 
metal  contacts  to  p-GaN  have  indicated  that  die  Fermi  level  is  pinned  between  0.39  eV 
to  0.43  eV  of  the  valence  band  edge6.  Since  g-r  noise  processes  originate  from  levels 
near  the  Fermi  level  and  an  activation  energy  of  183  meV  was  measured,  any  g-r 
process  in  the  depletion  region  should  possess  an  activation  energy  greater  than  the 
Observed  activation  energy  of  1 83  meV.  Furthermore,  traps  in  the  depletion  regions  do 
not  remain  a  constant  energy  away  from  the  Fermi  level  and  thus  give  rise  to  broad, 
poorly  defined  noise  peaks. 


CONCLUSION 

We  have  used  noise  spectroscopy  to  observe  a  trap  level  with  activation  energy  of  183 
meV  and  concentration  of  NT  =  1.5  x  1018  cm'3  in  bulk,  neutral  GaN:Mg.  This  level 
seems  to  be  associated  with  the  Mg  acceptor  level.  The  trap  activation  energy  and 
concentration  are  in  agreement  with  those  lues  obtained  for  temperature  dependent 
Hall  and  resistivity  measurements  although  the  cross  section  is  unusually  low. 
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P-type  GaN  Grown  on  Sapphire 

A.  K.  Rice,  K.  J.  Malloy 

Center  for  High  Technology  Materials,  University  of  New  Mexico 
Albuquerque,  NM  87106 

Abstract 

I' tn 

We  investigate  the  noise  propje  ties  of  p-type  Mg-doped  GaN  using  low  frequency  noise 
spectroscopy.  The  epitaxial  G|N:Mg  films  were  grown  on  a  sapphire  substrate  by  metal- 
organic  chemical  vapor  deposition  (MOCVD)  in  different  laboratories.  Generation- 
recombination  (g-r)  noise  and  1/f  noise  are  observed  for  temperatures  above  250  K.  The 
magnitude  of  the  1/f  noise  exceedfs  the  g-r  noise  magnitude  for  frequencies  less  than  30  Hz, 
and  the  1/f  noise  level  is  characterized  by  high  values  of  the  Hooge  parameter,  a  ~  1  - 150, 
indicating  a  high  level  of  structural  imperfection.  In  addition,  the  integrated  noise  power 
spectral  density  divided  by  the  voltage  squared  in  the  frequency  range  of  1  Hz  to  30  Hz, 
correlates  strongly  with  the  structural  imperfection  of  the  sample  as  measured  from  the 

asymmetric  rocking  curve  (co-scan)  FWHM.  The  generation-recombination  noise  is  related  to 

a  high  concentration  trap  level  with  an  activation  energy  of  120  meV  ±  25  meV  and  a 
repulsive  barrier  that  is  possibly  associated  with  the  Mg  dopant. 
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I.  Introduction 

GaN  has  been  the  subject  of  extensive  study  recently  due  to  its  large  bandgap  and 
emission  in  the  UV  and  blue  wavelengths.  Currently,  many  challenges  hinder  the  further 
development  of  GaN  devices.  One  such  challenge  is  the  p-type  GaN  material.  GaN  has 
proven  t^  be  difficult  to  dope  p-type  due  to  a  high  n-type  background  concentration  and  the 
lack  of  a  Shallow  p-type  acceptor.  Successful  p-type  doping  has  been  achieved  with 
magnesium  although  the  material  is  compensated  and  typically  possesses  high  resistivity,  low 

mobility,  and  a  conductivity  activation  energy  in  the  range  of  150  -  200  meV1*4.  Typically, 
the  GaN  film  structure  is  investigated  with  transmission  electron  microscopy,5’6  atomic-force 
microscopy,7’8  and  x-ray  diffraction9’50.  However,  low  frequency  noise  analysis  can  be  a 

powerful  tool  for  examining  compound  semiconductors,11  yielding  information  about  crystal 
defects  and  interfaces.  This  paper  will  discuss  two  types  of  noise  processes  both  used  as  a 
fl  diagnostic  tool:  generation-recombination  noise  (g-r)  and  one-over-f  (1/f)  noise.  Devices 

based  on  this  material  have  been  shown  to  posses  higher  noise  power  densities  and  Hooge12* 


14  parameters  than  equivalent  GaAs  and  Si  devices,  possibly  due  to  the  large  number  of 
dislocations,  108  -  1010  cm'2,  and  the  resulting  struct ural^n^||j  pgeneity.  An  understanding 
of  the  microstructure  and  its  effects  on  the  low  frequency  noise  processes  in  bulk  GaN:Mg  is 


essential  to  assessing  the  reliability  and  quality  of  GaN  based  devices. 


A.  GenerdSion-Recombination  noise 

Gen^fation-recombination  noise  is  a  fluctuation  in  conductivity  due  to  a  number 
fluctuation  of  charge  carries.  Under  near-equilibrium,  steady-state  conditions  there  is  no  net 
accumulation  of  charge  and  the  generation  rate  must  equal  the  recombination  rate.  But  there 
will  be  a  microscopic  variation  the  generation-recombination  rates.  It  is  this  microscopic 
fluctuation  that  is  observed  as  noise. 
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The  spectrum  for  g-r  noise  between  states  in  the  band  and  a  trap  at  one  energy  level  is 
given  by 


c  _  xV2A 
_  ,  .  / _ \2  » 


(1) 


1  +  (m) 

where  Sv  is  the  noise  spectral  power  density  having  units  of  V2/Hz,  and  the  unitless  quantity 

A  ~  NTv~lp~2  represents  the  relativefrnagnitude  of  the  individual  g-r  process  15’lj|  |jnd  is  an 

gu 

approximation  at  ew  Ef  =  ET.  NT  is  the  density  of  traps,  x  is  the  characteristic  time  of  the 

IMf 


g-r  process,  V  is  the  voltage  across  the  sample,  v  is  the  volume,  and  p0  is  the  density  of  free 
carriers  when  Ef=  Ej. 

The  characteristic  time  x  is  expected  to  follow  an  Arrhenius  equation 


r=T-e,1,{§}  (2) 

ft;;. , 

where  r  is  a  constant  and  ET  is  the  activation  energy  of  the  level  involved  in  the  g-r  process. 
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B.  One-over-f  (1/f)  Noise 

The  next  important  noise  characteristic  is  1/f  noise.  1/f  noise  is  a  conductance 
fluctuation  in  which  the  noise  spectrum  is  inversely  proportional  to  the  frequency.  The  origin 
of  1/f  noise  is  still  unknown.  However  an  empirical  formula  describing  the  1/f  noise 
spectrum  is  frequently  employed.  For  a  homogeneous  material,  the  noise  power  spectral 


density  for  a  1/f  noise  process  is  given  by  the  form17 


(3) 


where  B  =  ot/N  is  a  measure  of  the  1/f  noise,  a  is  a  unitless  constant  referred  to  as  the  Hooge 

parameter,  and  N  is  the  total  number  of  free  carriers.  The  Hooge  parameter  is  a  means  for 
assessing  the  relative  noise  in  different  materials.  Furthermore,  under  these  conditions  Eq. 
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(3)  is  interpreted  as  a  noise  mechanism  due  to  conduction  fluctuations  in  the  volume, 
particularly  mobility  fluctuations. 

Although  the  causes  of  1/f  noise  are  not  completely  understood,  the  1/f  noise 
magnitude  is  affected  by  non-ohmic  contacts  and  defect-state  traps,  located  in  the  bulk 
material  or  at  the  surface,  that  cause  current  flow  to  become  disrupted  by  variations  in  the 
trapping  rate. 


II.  Experimental  Procedure 

The  noise  prifl$es  of  four  samples  are  investigated.  The  samples  examined  were 
grown  on  sapphire  substrates  by  metal-organic  chemical  vapor  deposition  (MOCVD)  in  two 

Hififcrpnt  lohnratAriec  Cg'Wml.i.  T  III  .vn/4  T\7  tU«  .  __j  _ _ i_ 


dporent  laboratories.  Staples  I,  III,  and  IV  were  grown  in  the  s|fj||]||^oratory  and  sample 
n  (j'fas  grown  in  a  c^jjtjhent  laboratory.  The  samples  examined  are  p-type  and  possess 
teri^  jrature  dependent  resistivity  activation  ^nergies  between  150  meV  and  180  meV.  Hall 
measurements  were  performed  using  a  Hall  bar  geometry  with  dimensions  1  cm  x  0.3  cm  x  t 

pm,  inhere  t  is  the  thickness  of  the  sample.  Ohmic  contacts  were  fabricated  and  the  GaN:Mg 


was  activated  by  annealing  a  Pt/Au  metallization  at  750°C  for  10  minutes18.  The  room 
temperature  hole  conciliation  and  mobility  were  between  7xl016  cm'3  and  2.5xl0n  cm'3,  and 
7  cn^V'V1  and  15  cniV's'1,  respectively.  Charge  neutrality  places  the  Fermi  level  at 
between  150  meV  and  180  meV  above  the  valence  band. 

The  GaN:Mg  film  structure  was  studied  by  low  frequency  noise  spectroscopy  and  by 
X-ray  diffraction  (XRD).  The  noise  characteristics  were  measured  using  the  Hall  bar 
samples,  from  1  Hz  to  100  kHz  with  a  Stanford  Research  Systems  SR830  digital  lock-in 
amplifier.  The  noise  power  spectral  density  was  examined  for  a  temperature  range  of  250  K 
to  400  K  for  each  sample.  The  voltage  noise  was  measured  under  constant  current  conditions 
with  a  four  terminal  configuration.  Each  sample  was  allowed  to  stabilize  for  45  seconds  and 
100  data  points  were  averaged  at  each  measurement  frequency.  In  addition,  the  GaN:Mg  film 
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microstructure  was  studied  by  examining  the  high  resolution  x-ray  diffraction  rocking  curve 
(to  scan).  High-resolution  x-ray  diffraction  was  performed  using  a  triple  axis  diffractometer 

with  ai||tnalyzer  crystal.  In  tfis  configuration,  the  resolution  limit  of  the  instrument  is  13 
arcseconds. 

•  « 

III.  Results  and  Discussion 

Figure  1  displays  the  noise  power  spectral  density  divided  by  V2,  S/V2,  for  sample  I 
at  300  K.  As  shown  the  experimental  data  are  well  fit  with  one  g-r  level  noise  source  and  1/f 
noise,  with  the  magnitude  of  the  1/f  noise  exceeding  the  g-r  noise  magnitude  for  frequencies 
less  than  30  Hz.  This  general  combination  of  1/f  and  g-r  noise  is  observed  in  the  S/V2 
spectrum  for  each  sample  as  shown  in  Fig.  2. 


As  increased  structural  inhomogeneity  implies  an  increase  in  crystal  defects,  current 
constrictions,  and  interfaces,  it  is  reasonable  to  expect  an  increase  in  the  magnitude  of  1/f 
noise.  The  S/V2  spectrum,  for  frequencies  in  the  range  of  1  Hz  to  30  Hz  and  temperatures 
between  250  and  400  K,  is  strongly  correlated  to  the  microstructure  as  characterized  by 
asymmetric  x-ray  diffraction. 

The  symmetric,  (00 1),  rocking  curve  FWHM  were  investigated  and  a  weak  correlation 
between  the  FWHM  and  1/f  noise  magnitude  was  observed.  Symmetric  rocking  curves  are 
sensitive  to  pure  screw  or  mixed  dislocations  that  lie  parallel  the  c  axis  with  burgers  vectors  of 
b  =  ±[00.1]  (pure  screw)  or  ±[10.1],  ±[01.1],  ±[11.1],  (mixed)  and  insensitive  to  pure 
edge  threading  dislocations  that  lie  in  the  [00.1]  direction,  since  they  possess  burgers  vectors 

of  either  ±[10.0],  ±[11.0],  or  ±[01.0]9’10.  Thus  the  symmetric  rocking  curve  does  not 
reflect  all  of  the  crystal  defects  or  dislocations  in  the  film.  However,  the  broadening  of  the 
asymmetric  rocking  curve  contains  contributions  from  pure  screw,  mixed,  and  pure  edge 
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dislocations.  We  find  a  strong  correlation  between  the  1/f  noise  magnitude  and  the 
asymmetric,  ( hkl ),  rocking  curve  (w-scan)  FWHM  as  shown  in  Fig.  3.  Thus,  we  may 

hypothesize  that  1/f  noise  is  particu  larly  dependent  on  pure  edge  threading  dislocations  and 

‘I  :[  |'|  v  , 

that  1/f  noise  analysis  is  a  po$§;Dle}transport-based  method  for  determining  crystal  quality. 

In  addition,  the  Hooge  parameter  was  calculated  using  the  volume  between  the  voltage 

contacts  and  values  of  a  = 1  - 150  were  obtained  for  the  samples  studied.  Recently,  1/f  noise 

was  observed  in  n-type  GaN  and  a  Hooge  parameter  of  =5-7  was  found13.  Generally,  a 

value  of  a  <  10  3  is  obtained  for  homogeneous  materials19.  Hence,  the  high  value  of  a  is 

• 

consistent  with  the  poor  crystalline  quality  and  a  large  level  of  structural  imperfections  found 
in  MOCVD  GaN  grown  on  sapphire,  figure  3  summarize  this  strong  correlation  between  the 
integrated  noise  power  spectral  density  divided  by  V2,  the  Hooge  parameter,  and  the  (11.2) 
rocking  curve  FWHM.  As  displayed,  the  logarithms  of  the  integrated  S/V2  and  the  Hooge 
parameter  are  directly  proportional  to  the  asymmetric  rocking  curve  FWHM.  In  the  limit  of 
smaller  (11.2)  rocking  curve  FWHM’s,  the  1-30  Hz  integrated  S/V2  is  less  than  10‘13  Hz'1 
and  the  Hooge  parameter  appears  to  become  less  than  1. 

B.  Origin  of  the  g-r  noise 

Above  30  Hz,  g-r  noise  associated  with  one  trap  level  predominates.  The  g-r  noise 
level  is  best  |^|mined  by  multiplying  the  S/V2  by  the  angular  frequency,  to,  yielding  the 

normalized  noise  power  spectral  density,  Svtt)V'2.  Subsequently,  Fig.  4  displays  the 

normalized  noise  power  spectral  density,  Svo)V2  for  sample  1  at  300  K,  335  K,  350  K,  and 

400  K.  At  300  K,  one  definitive  g-r  noise  level  is  observed  while  two  g-r  noise  components 
are  observed  at  335  K,  350  K  and  400  K.  A  plot  of  the  normalized  noise  power  spectral 

density  on  a  log  linear  scale  will  exhibit  a  peak  at  f  =  (27tx)-1,  the  characteristic  frequency  of 
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the  g-r  level20.  The  characteristic  time  was  determined  by  applying  a  least  square  fit  of  Eq. 
(1)  to  the  measured  Sv(oV'2  spectrum.  The  activation  energy,  ET,  of  the  g-r  process  can  then 

be  obtained  from  a  plot  of  log(t  T2)  versus  the  inverse  temperature.  Only  data  in  the 

frequency  range  IOC'  Hz  to  100  kHz  was  analyzed  by  an  Arrhenius  plot  since  there  was  not 
a  sufficient  amovSJ|f|sliable  low  frequency  data,  f  <  100  Hz. 

The  Arrhenius  plot  for  the  Gaff^Mg  samples  studied  is  shown  in  Fig.  5.  We  find  a 
trap  located  at  120  meV  ±  25  meV  and  106  meV  ±  25  meV  above  the  valance  band  with 
concentrations  of  1.5xl020  cm'3  and  3xl020  cm'3  and  capture  cross  sections  of  1.6x1  O’21  cm2 
and  7.5xl0'21  cm2  for  sample  I  and  n,  respectively.  The  associated  g-r  noise  is  significant 
only  v  hen  the  location  of  the  trap  or  the  center  in  the  forbidden  gap  is  within  a  few  l^T  of  the 
Fermi  level.  Consequentially,  trap  levels  in  the  region  50  meV  -  75  meV  around  the  Fermi 
level  will  be  the  primary  contributors  to  g-r  noise. 

The  measured  characteristic  rates  were  unusually  slow  for  a  level  located  at  120  meV 
and  the  capture  cross  section  is  suggestive  of  a  neutral  or  repulsive  center,  and  the  high 
concentration  (slightly  greater  than  the  total  Mg  concentration  of  lxlO20  cm'3  as  measured  by 
SIMS  in  these  samples)  is  suggestive  of  a  Mg  conlplex  or  other  structural  defect. 
Furthermore,  this  g-r  level  originates  in  the  bulk  GaN  neutral  regions  and  not  in  any  depletion 
regions  that  may  exist  in  the  bulk  owing  to  the  structural  defects.  Since  g-r  noise  processes 
originate  from  levels  near  the  Fermi  level  and  an  activation  energy  of  120  meV  was  measured, 


any  g-r  process  in  the  depletion  region  should  possess  an  activation  energy  greater  than  die 
observed  activation  energy.  Furthj^j  more,  traps  in  the  depletion  regions  do  not  remain  a 
constant  energy  away  from  the  Fermi  level  and  therefore  give  rise  to  broad,  poorly  defined. 


g-r  noise  peaks. 
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IV.  Summary 

We  have  used  low-frequency  noise  analysis  to  examine  MOCVD-grown  p-type 
GaN:Mg.  We  observed  a  strong  correlation  between  the  integrated  1/f  noise  power  and  the 

structural  imperfection  of  the  sample  as  measured  from  the  (to-scan)  FWHM  of  (11.2)  x-ray 

diffraction  peaks.  The  derived  Hooge  parameters  are  considerably  larger  than  those  of 
homogeneous  semiconductors.  Hence  noild  .^measurements  ifriply  MOCVD-grown  GaN:Mg 
is  a  low  quality  material  frtkably  due  to  structural  imperfections  such  as  dislocations  and 
grain  boundaries.  In  additiop,  we  have  used  noise  spectroscopy  to  observe  two  trap  levels 
giving  rise  to  g-r  noise  in  MOC  VD-grown  GaN:Mg.  The  most  prominent  g-r  noise  source 
has  an  activation  energy  of  -120  meV  ±  25  meV  and  a  concentration  of  -lxlO20  cm'3  in  the 
bulk  neutral  regions  of  two  GaN:Mg  samples  grown  in  different  laboratories.  This  level  is 
possibly  associated  with  the  Mg  dopant  or  a  structural  defect  and  its  cross  section  suggests  a 
repulsive  center. 
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Figure  Captions 


Figure  1: 

Noise  power  spectral  density,  S/V2,  for  p-GaN:Mg  at  300  K.  Solid  circles  represent 
experimental  data  for  sample  I.  The  total  noise  is  well  fit  by  1/f  noise  and  g-r  noise.  The 
curve  labeled  total  noise  is  a  result  from  a  least-squares  fit  of  the  sum  of  equation  (1)  and  (3). 
The  individual  1/f  and  g-r  noise  contributions  to  the  total  noise  are  also  shown. 

Figure  2: 

Nois| 'power  spectral  density  divided  by  the  applied  voltage  squared,  S/V2,  for  p-GaN:Mg  at 
300  K.  Open  circles,  solid  circles,  solid  squares,  and  open  triangles  represent  experimental 
data  for  samples  I  to  IV,  respectively. 

Figure  3: 

The-j  integrated  noise  power  spectral  density  divided  by  V2  and  the  Hooge  parameter  as  a 
function  of  (11.2)  rocking  curve  FWHM.  Solid  triangles  and  solid  circles  represent  the 
integrated  S/V2  from  l'lti|||.Q.||||^nd  the  Hooge  parameter,  respectively. 

Figure  4: 

Normalized  noise  power  spectral  density,  Svto/V2,  for  p-GaN:Mg.  Solid  circles,  crosses, 

open  squares,  and  open  circles  with  dots  are  experimental  data  from  sample  I  at  300  K,  335 
K,  350  K,  and  400  K,  respectively.  1/f  noise  appears  as  a  constant  horizontal  line  and  g-r 
noise  is  represented  by  a  Lorentzian  curve. 
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Figure  5: 

Arrhenius  plot  of  tT2  versus  inverse  temperature.  An  activation  energy  of  120  meV  ±  25 

meV  and  106  meV  ±  25  meV,  trap  concentrations  of  1.5X1020  cm'3  and  3xl020  cm'3,  and 
apparent ^i|)are  cross  sections  of  1.6xl0-21  cm2  and  7.5xl021  cm2  were  calculated  for 
sample  I  and  n,  respectively. 
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Abstract 

We  present  an  analysis  of  hole  transport  in  p-type  Mg-doped  GaN  grown  on  sapphire 
substrates  by  metal-organic-chemical  vapor  deposition  (MOCVD).  We  find  that  the 
experimental  Hall  mobility  cannot  be  explained  solely  by  traditional  extended  state  scattering 
mechanisms.  Not  only  are  the  mobilities  not  accurately  modeled  by  numerically  solving  the 
Boltzmann  transport  equation  (BTE),  but  the  calculated  results  do  not  even  reflect  the  trend  in 
experimental  mobility  values  between  the  investigated  samples.  We  attribute  these  discrepancies 
to  the  microstructure  of  GaN:Mg  grown  on  sapphire.  A  microstructure-oriented  transport  model 
is  presented  for  an  interpretation  of  the  transport  of  holes  in  p-type  GaN’.Mg  grown  on  sapphire. 

The  microstructure-oriented  model  provides  a  simplified  picture  of  the  microstructure,  consisting 
of  two  distinct  microstructural  phases  in  GaN  on  sapphire.  Using  this  model  for  the 
experimental  mobility,  the  extracted  parameters  from  hole  transport  measurements  are  shown  to 
be  positively  correlated  with  microstructural  parameters  determined  from  x-ray  diffraction 
(XRD)  measurements.  The  experimental  mobility  of  p-type  GaN:Mg  grown  on  sapphire  can  be 
described  as  dependent  upon  the  acceptor  doping,  impurity  compensation,  and  microstructure, 
includi|| Ifslocation  density,  columnar  grain  size,  and  grain  boundaries. 
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1.  Introduction 

The  transport  characteristics  of  p-type  Mg-doped  GaN  have  generated  much  interest  in 
recent  years  since  the  achievement  of  p-type  GaN  1.  Initial  concerns  followed  with  the 
realization  that  p-type  GaN:Mg  possesses  a  high  resistivity  due  to  compensation,  a  hole 
activation  energy  of  150  -  200  meV  and  a  low  hole  mobility  2'5  6>7.  Furthermore,  the 
microstructure  of  GaN:Mg  grown  on  sapphire  is  inhomogeneous,  and  can  be  characterized  as  an 
ordered  polycrystal  8-9  in  which  individual  grains  are  of  high  crystalline  quality  but  they  are  tilted 
and  twisted  with  respect  to  one  another.  The  role  of  this  GaN:Mg  microstructure  on  hole 
transport  will  be  addressed. 

This  paper  presents  an  analysis  of  the  Hall  mobility  for  GaN:Mg  as  thus  far,  a  complete 
understanding  of  transport  in  p-type  GaN:Mg  is  lacking.  Such  an  analysis  can  be  a  powerful 
means  of  characterizing  semiconductor  transport,  yielding  information  about  the  impurity 
concentration,  impurity  compensation,  carrier  scattering  mechanisms,  material  parameters,  and 
in  this  case,  film  microstructure.  This  analysis  includes  calculation  of  the  mobility  of  crystalline 
GaN:Mg  by  numerically  solving  the  Boltzmann  transport  equation  (BTE).  A  numerical 
calculation  of  the  BTE  is  necessary  because  it  accurately  accounts  for  the  inelastic  scattering 
mechanisms  dominant  at  high  temperature.  All  major  scattering  processes,  screening,  and 
overlapping  of  wave-functions  have  been  incorporated. 

It  is  found  that  unlike  the  hole  mobility  in  other  III-V  compound  semiconductors,  the 
hole  mobility  of  GaN:Mg  cannot  be  explained  solely  by  traditional  extended  state  scattering 
mechanisms.  Differences  between  the  calculated  and  experimental  Hall  mobilities  are  observed 
throughout  the  entire  temperature  range  investigated.  However,  this  study  will  focus  on  the 
discrepancies  observed  at  high  temperature  where  optical  phonon  scattering  is  dominant.  The 
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final  interpretation  of  the  behavior  of  the  Hall  mobility  in  GaN:Mg  includes  the  effects  of  an 
inhomogeneous  microstructure.  The  influence  of  the  microstructure  on  the  electrical  properties 
of  GaN:Mg  qualitatively  explains  the  discrepancies  between  the  experimental  Hall  mobility  and 
the  calculated  crystalline  mobility  of  GaN:Mg. 

In  support  of  the  Hall  analysis,  the  GaN:Mg  microstructure  is( examined  by  high 
dissolution  x-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  and  atomic  force 
(hiicroscopy  (AFM),  and  a  correlation  required  by  our  model  between  the  film  structure  and  the 
mobility  is  observed.  Finally,  with  the  improvement  in  the  growth  of  GaN:Mg,  hole  transport 
will  approach  single  crystalline  GaN:Mg.  Hence,  calculated  limits  of  pure  crystalline  p-type 
GaN:Mg  conductivity  and  mobility  will  be  presented. 

°i)' i 

II.  Transport  Calculation 

Transport  theory  in  compound  semiconductors  assumes  the  validity  of  the  effective  mass 
approximation,  Bloch  wave  functions,  perturbation  theory,  and  the  Boltzmann  transport 
equation.  In  this  study  the  hole  mobility  for  crystalline  GaNtMg  was  calculated  by  iteratively 
solving  the  BTE  following  Nag’s  book  10,  providing  an  accurate  calculation  for  both  low  and 
high  temperatures.  The  mobility  calculation  explicitly  takes  into  account  carrier  screening  and 
overlapping  wave-functions  and  includes  , Ionized  impurity,  non-polar  acoustic  phonon 
(deformation  potential),  piezoelectric,  non-pdlar  optical  phonon  (deformation  potential),  and 
polar  optical  phonon  scattering  mechanisms.  Each  scattering  mechanism  exhibits  a  characteristic 
temperature  dependence,  and  by  analyzing  the  temperature  dependence  of  the  carrier  mobility, 
the  relative  importance  of  each  mechanism  is  obtained.  Furthermore,  by  comparing  calculated 
and  experimental  mobilities,  the  contributions  of  each  scattering  mechanism  to  the  mobility  are 

determined.  However,  in  order  to  calculate  the  mobility  due  to  various  scattering  mechanisms  it 
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is  necessary  to  use  reasonable  physical  parameters  for  GaN:Mg.  Hence,  the  following  section 
addresses  the  material  parameters  used  in  the  transport  study. 


A.  Material  Parameters 

The  material  parameters  used  in  this  calculation  are  summarized  in  Table  I.  There  are 
many  uncertainties  about  the  electipnic  band  structurdjpf  wurtzite  GaN,  particularly  the  valence 
band.  However,  theoretical  calculations  in  conjuration  with  experiments  have  provided 
estimates  for  various  properties  of  the  valence  bandjpThe  parameters  necessary  for  performing 
the  transport  calculations  include  hole  effective  masses,  T  point  valence  band  energies,  dielectric 

Cj  f . 

constants,  optical  phonon^tiergy,  scattering  potentials,  piezoelectric  constants,  the  mass  density, 
and  the  acoustical  velocity. 

Transverse  and  longitudinal  effective  masses  for  the  heavy  hole  band  (HH),  light  hole 
band  (LH),  and  split  off  band  (SO)  of  GaN  have  been  estimated  in  theoretical  band  calculations 
11 .  Subsequently,  the  effective  mass,  for  the  HH,  LH,  and  SO  bands,  is  obtained  from 


m  ={m2±m^f3,  giving  mHH  =  1.89mc,  m^=0.337mo,  and  mso  =  0.813m,,,  where  m0  is  the 

electronic  mass.  In  addition,  theoretical  band  calculation  11  along  with  experimental  data  12‘15 
have  predicted  that  the  valence  band  for  p-type  GaN  consists  of  three  non-degenerate  bands.  The 
T  point  energies  employed  were  an  average  of  the  following  ElH  =  5.84  meV  n,  6  meV  12'15  and 
Eso  =  26.1  meV  n,  22  meV  14, 28  meV  13, 18  meV  12, 24  meV  15  yielding,  =  6  meV  and  Eso 
=  24  meV.  Moreover,  the  density  of  states  effective  mass  for  the  valence  band  is  defined  as 


1  3  .  2 
ml1  =  mHH2+mmw2txv\ 


f  -E  ^ 
K  kbT  J 


3  ( —E  » 

+  m502exp  — —  ,  giving,  at  300  K  mh  ~  2m0.  The  low  and 

V  hT  J 


high  frequency  dielectric  constants  were  taken  as  9.5  and  5.35  16,  respectively.  Since,  the 

longitudinal  optical  phonon  energy  has  been  reported  as  90  meV  17, 91.2  meV  18,  and  92  meV  16, 
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an  average  value  of  91  meV  was  employed,  yielding  a  longitudinal  polar  optical  temperature  of 
ho)/kb  =  9  =  1055  K.  However,  current  uncertainties  in  the  valence  band  structure  are  such  that 
the  scattering  potentials  in  p-type  GaN  are  not  accurately  known.  Kim  et.  al. 19  have  calculated 
the  acoustic  deformation  potential  to  be  0.8  eV  with  an  uncertainty  of  at  least  2  eV.  Hence,  a 
value  of  1  eV  has  been  adopted  for  the  acoustic  deformation  potential,  E„pa.  Furthermore,  the 
optical  deformation  potential,  Enpo,  for  most  III-V  compound  semiconductors  is  approximately  a 
factor  of  two  larger  than  the  acoustic  deformation  potential  20.  Thus,  2  eV  has  been  used  for  the 
optical  deformation  potential.  The  piezoelectric  constant,  hpz  or  e14,  has  been  estimated  from  data 
on  n-type  GaN  mobility  21  as  0.375  C  m'2  and  from  electromechanical  coupling  coefficients  of  n- 
type  GaN  21  as  0.6  Cm'2.  Hence,  a  value  of  hpz  =  0.5  Cm'2  has  been  adopted.  The  lattice  mass 
density  was  taken  as  p  =  6.1  x  103  kgm'3  22.  Finally,  the  acoustic  velocity,  s,  was  calculated  from 
the  estimated  longitudinal  elastic  constant  17,  c(,  where  c(  =  ps2.  The  estimated  longitudinal 
constant  is  c(  =  26.53  x  10'°  Nm'2,  yielding  s  =  6.59  x  103  ms'1. 

Given  the  valence  band  structure  for  wurtzite  GaN  is  only  spin-degenerate  11  at  k  =  0, 
transport  only  in  the  heavy  hole,  HH,  band  has  been  considered.  The  concentration  in  the  light 
hole,  LH,  or  split-off,  SO,  band  is  less  than  5%  to  15%  of  the  free  hole  concentration  in  the 
temperature  range  studied  An  improvement  of  this  initial  transport  calculation  is  the  inclusion  of 
parallel  band  conduction  in  the  HH,  LH,  and  SO  bands.  Comparing  the  HH,  LH,  and  SO 
effective  mass  and  assuming  the  scattering  rate  is  the  same  as  for  the  heavy  hole  band,  the 
mobility  for  the  light  hole  band  and  split  off  band  are  estimated  at  6/uHH  and  2pHH,  respectively, 
where  pHH  is  the  mobility  in  the  heavy  hole  band.  If  parallel  band  conduction  were  considered, 
the  Hall  mobility  would  be  given  by 
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2  2  2 
_  PlhPlh  PhhPjm  PsoPso 
Ph  ~ 


(1) 


PlhPlh  +  PhhPhh  PsoPso 
where  Puj  and  pso  represent  the  light  hole  and  split  off  hole  mobility  and  pHH,  pw,  and  pso  denote 
the  heavy  hole,  light  hole,  and  split  off  hole  carrier  concentration,  respectively.  At  high 
temperature  where  pHH  ~  0.8  p,  pLH  ~  0.05  p,  and  pso  ~  0.15  p,  the  net  effect  of  Eq.  (2.1)  is  to 
increase  the  modeled  mobility  by^  |r|;|imately  twice  the  heavy  hole  band  mobility.  Thus, 


including  parallel  band  effects  will  increase  the  calculated  mobility  as  compared  to  transport 
only  in  the  heavy  hole  band.  Also,  the  affect  of  scattering  between  the  HH,  LH,  and  SO  band 
may  also  be  accounted  for.  Realifiijj^;e  improvements  can  be  incorporated  in  the  future,  only 
transport  in  the  heavy  hole  band  is  considered. 


|  ||||!  ]  TII.  Temperature  Dependent  Hall  Measurements 


A.  Experimental  Details 

The  samples  investigated  were  grown  on  sapphire  substrates  by  metal-organic  chemical 
vapor  deposition  (MOCVD).  Samples  I,  III,  and  IV  were  grown  in  the  same  laboratory,  while 
sample  II  was  grown  in  a  different  laboratory.  The  samples  studied  consist  of  a  p-type  layer  of 
GaN  doped  with  magnesium  grown  on  an  undoped  GaN  layer.  The  total  thickness  of  each 
sample  determined  from  an  ellipsojj^etry  measurement  is  2.8  pm,  2.8  pm,  2.9  j$m,  and  3.5  pm  for 
samples  I,  II,  III,  and  IV,  respectively.  The  GaN:Mg  was  activated  and  ohmic  contacts  were 
formed  by  annealing  a  Pt/Au  metallization  at  750°C  in  flowing  N2  for  10  minutes  73 .  Hall  effect 
measurements  were  performed  using  a  Hall  bar  to  obtain  the  sheet  resistivity,  sheet  earner 
concentration,  and  mobility  as  a  function  of  temperature  between  120  K  to  500  K.  Repeatable 
Hall  measurements  were  obtained  only  after  allowing  the  temperature  to  stabilize  for  5  minutes 
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and  averaging  100  data  points.  The  minimum  temperature  at  which  Hall  measurements  could  be 
performed  was  determined  by  the  voltage  compliance  of  the  Hall  current  source. 


B.  Carrier  Concentration  Analysis  of  Experimental  Hall  Data 

The  temperature]^ pendence  of  the  hole  concentration  for  sample  I  and  II  is  shown  in 

if!  ' 

(F 

Fig.  1.  For  each  sample  the  value  of  the  acceptor  concentration,  NA,  compensation  ratio, 
K  =  Nd/Na  ,  and  the  activation  energy  Ea,  were  determined  by  performing  a  leas^uares  fit  to 
the  experimental  Hall  hole  concentration,  p,  as  a  function  of  temperature.  An  equation  giving  the 
free  hole  concentration  was  found  by  applying  Boltzmann  statistics  and  charge  neutrality 
yielding 


p+K  = 


~expf 


where  g0  =  2  and  g,  =  1  are  the  degeneracies  of  the  unoccupied  and  occupied  acceptor  states, 
respectively. 


The  values  of  NA,  K,  and  £„,  obtained  by  fitting  the  charge  balance  equation  to  the  hole 
concentration  data  as  a  function  of  temperature  for  the  samples  are  given  in  Table  II.  Also 
included  in  Table  II  are  the  room  temperature  mobility  and  carrier  concentration.  In  addition, 
samples  I,  II,  and  III  were  investigated  by  sej|jij  dary-ion-mass  spectroscopy  (SIMS).  The  results 
reveal  a  physical  acceptor  concentration  of  approximately  1020  cm'3  for  each  sample.  The 
difference  between  the  physical  magnesium  concentration,  1020  cm'3,  and  the  acceptor 
concentration  determined  from  Hall  measurements,  given  in  Table  II,  implies  that  not  all 
magnesium  is  electrically  active. 
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For  reasons  that  will  be  discussed  in  Section  V,  regarding  the  effect  of  the  microstructure 
on  transport  properties,  it  was  not  possible  to  derive  a  consistent  fit  for  ionized  impurity 
concentrations  from  both  the  carrier  concentration  and  the  mobility  data. 


C.  Mobility 


Experimental  Hall  Data 


The  calculated  mobility  for  single  crystal  GaN:Mg,  as  a  function  of  temperature  is  shown 
in  Fig.  2.  Polar  optical  pjjpnon,  non-polar  optical  phonon,  piezoelectric,  and  non-polar  acoustical 
phonon  scattering  mech^isms  have  been  included.  Due  to  the  polar  nature  of  GaN  24, 
piezoelectric  and  polar  optic  scattering  mechanisms  are  dominant  at  low  and  high  temperatures, 
respectively.  Furthermore,  this  lattice  limited  mobility  curve  sets  a  upper  mobility  limit  for 
single  crystal  GaN:Mg. 


Figures  3  (a)  and  (b)  display  the  hole  mobility  of  GaN:Mg  as  a  function  of  temperature 
for  sample  HI  and  II,  respectively.  Shown  are  the  calculated  mobility  curve,  the  combined  lattice 
scattering  curve,  the  ionized  impurity  scattering  curve,  and  the  experimental  data.  The  two 
dominant  scattering  mechanisms  for  impure  crystalline  GaN:Mg  are  idolized  impurity  scattering 
at  low  temperatures  and  polar  optical  scattering  at  high  temperatures.  Two  observations  can  be 

,j]a, 

made  from  Fig.  3.  The  cf|  {dated  mobility  is  at  least  a  factor  of  4  greater  than  the  experimental 
data  for  all  samples  and  temperatures,  and  the  experimental  data  shows  different  high 
temperature,  lattice-limited  mobilities  in  each  sample.  Figure  4  (a)  and  (b)  correspondingly 
displays  the  experimental  hole  mobility  and  the  calculated  mobility  as  a  function  of  temperature 
for  each  sample  studied.  Examining  Fig  4,  we  see  not  only  are  the  mobilities  not  accurately 
modeled  by  solving  the  BTE,  but  that  the  calculated  results  do  not  even  reflect  the  trend  in 
experimental  mobility  values  between  samples.  For  example,  sample  II  has  a  higher  ionized 
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impurity  concentration  than  sample  III,  a  fact  reflected  in  the  BTE  calculation  giving  a  lower 
mobility.  However,  the  experimental  results  are  exactly  reversed  -  the  sample  with  more 
impurities,  sample  n,  has  a  higher  mobility. 

Clearly  more  factors  control  transport  than  have  been  included  in  the  BTE  solution.  For 
example,  neutral  impurity  scattering  has  been  neglected.  The  inclusion  of  neutral  impurity 
scattering,  for  sample  II,  reduces  the  total  mobility  by  at  most  15%,  using  the  material 


parameters,  NA,  ND,  and  E„,  as  determined  from  the  Jjjall  measurement.  In  this  case  the  density  of 
neutral  impurities  is  given  by  Nn  =  Na-Nd- /^Assuming  the  density  of  neutral  impurities,  Nn, 
to  be  the  physical  magnesium  concentration  of  approximately  1020  cm’3  the  mobility  is  further 
reduced.  However,  this  modeled  mobility  curV'ei^^r.j'ses  a  weaker  temperature  dependence 
than  the  experimental  mobility  at  low  and  high  temperature  and  a  maximum  value  of  19  cm2/Vs. 


This  modeled  mobility  is  too  low,  probably  because  the  neutral  impurity  scattering  model 
assumes  isolated  and  non-interacting  neutral  impurities,  highly  unlikely  with  such  a  large  value 
of  Nn.  Hence,  two  limits  of  neutral  impurity  scattering  have  been  provided.  The  largest  mobility 
assumes  the  number  of  neutral  impurities  is  determined  by  the  acceptor  concentration,  while  the 


lower  limit  depends  upon  the  total  magnesium  concentration.  The  actual  contribution  of  neutral 
impurity  scattering  probably  lies  within  these  two  limits. 


Although  some  of  the  material  parameters  for  GaN:Mg  are  uncertain,  the  uncertainties 
are  not  large  enough  to  account  for  the  discrepancy  between  the  calculated  and  experimental 
curves.  Piezoelectric  and  optical  polar  phonon  are  the  two  major  lattice  scattering  mechanisms 
in  p-type  GaN:Mg.  The  uncertainties  in  these  two  scattering  mechanisms  are  now  addressed. 

At  100  K,  the  piezoelectric  mobility  must  be  reduced  so  that  the  total  mobility,  including 
ionized  impurity  mobility  and  piezoelectric  mobility,  fit  the  experimental  mobility.  For  example, 
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in  Fig.  5  (b),  a  30  percent  increase  in  the  piezoelectric  constant  to  a  value  of  0.67  Cm'2,  or,  a 
decrease  in  the  acoustic  velocity  of  25  percent  to  a  value  of  4.93xl03  ms'1  is  required  to  fit  the 
experimental  mobility.  This  value  of  hp2  =  0.67  Cm'2  is  possible  correction  for  the  low 
temperature  discrepancies,  however,  the  discrepancies  at  high  temperature  are  still  unaccounted 
for. 

For  high  temperature,  optical  polar  phonon  scattering  is  dominant.  Polar  optical  phonon 
scattering  is  dependent  upon  the  low  and  high  frequency  dielectric  constant.  At  450  K,  a 
reduction  of  360  percent  is  required  to  fit  the  calculated  mobility  to  the  experimental  mobility. 
This  requires  that  (k,,'1  -  k/1)  increase  by  500  percent  to  a  value  of  approximately  0.5,  from  the 
utilized  value  of  0.0816.  The  previous  discussion  suggests  that  the  deviation  in  the  calculated 
mobility  cannot  be  explained  by  solely  the  uncertainty  in  the  material  parameters  employed. 
Furthermore,  since  material  parameters  are  constant  between  samples,  only  such  factors  as 

ionized  impurities  and  crystallin&'  alities  (dislocation  density,  grain  boundary  area,  and  grain 

Puf' 

size)  are  varying  between  samples.  We  attribute  the  mobility  discrepancies  to  the  role  of  these 
microstructure  variations  in  GaN  on  sapphire. 

IV.  Discussion  of  Film  Structure 

Figures  5  (a),  (b),  and  (c)  display  a  secondary  electron  microscopy  (SEM)  image  of  a 
cleaved  edge  of  sample  I,  II,  and  III,  respectively.  Qualitatively,  sample  II  is  the  most 
homogeneous,  while  more  uniform  inhomogeneous  microstructures  appear  in  the  other  samples. 

Atomic-force-microscopy  (AFM)  is  a  powerful  method  of  characterizing  film  surfaces. 
Upon  examining  the  film  surface,  some  information  about  the  bulk  material  can  be  obtained. 
Figures  6  (a)  and  (b)  display  AFM  images  of  the  sample  II  and  ID,  respectively.  The  white  and 

black  regions  in  the  AFM  image  denote  a  peak  and  a  valley,  respectively.  The  AFM  image 
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shown  in  Fig.  6  (a)  reveals  ‘wall-like’  growth  regions  where  it  appears  two  columnar  grains  have 
coalesced.  Furthermore,  upon  investigating  Fig.  6  (b)  the  circled  region  contains  ‘black  dots’ 
that  are  lined  up.  They  are  thought  to  be  dislocations  clustered  in  the  grain  boundary  region 


mapping  out  a  grain  region. 

TEM  studies  of  the  microstructure  of  n-type  GaN  grown  on  sapphire  have  shown  grain 
sizes  ranging  from  50  to  500  nm  25  with  dislocations  mainly  cloistered  at  the  low  angle  grain 
boundaries.  Scanning  capacitance  microscopy  has  also  revealed  possible  grain  sizes  of  1  |xm  26. 

In  regions  surrounding  both  pure  edge  and  mixed/ screw , di slpqji ions,  they  observed  a  reduced 

$!$$' 

change  in  capacitance  with  applied  voltage  as  compared  to  ‘dislocation  free’  regions.  These 


regions  tended  to  lie  along  the  boundaries  formed  during  the  coalescence  of  island  GaN  in  the 
early  stages  of  growth.  In  addition,  cathodoluj}  linescence  miMiscopy  has  revealed  a  correlation 


between  grain  size  and  yellow  luminescence  9.  They  proposed  defect  states  inside  grains  at  the 


lpw-angle  grain  boundaries  are  the  origin  of  the  yellow  luminescence.  Although  these  studies 
$'ave  investigated  n-type  GaN,  it  is  reasonable  to  assume  the  microstructure  of  GaN:Mg  also 
co  nsists  of  an  ordered  polycrystal  containing  grain  and  gp?i  ;  boundary  regions.  This  statement  is 
Supported,  in  part,  by  the  investigation  of  the  GaN:Mg  film  structure  by  SEM  and  AFM,  as 
Shown  in  Fig.  5  and  6,  respectively. 


Transport  studies  in  n-type  GaN  27-30  have  alluded  to  the  role  of  the  microstructure  on  the 


transport  properties.  Tang  et  al.  27  observed  discrepancies  in  their  high  temperature  n-GaN 


mobility  data  and  corrected  their  calculated  fit  with  a  ‘crystal  defect’  scattering  mechanism  that 
possessed  a  CT'1 5  temperature  dependence,  where  C  is  a  fitting  constant.  Furthermore,  D.  C. 
Look  et  al. 31  used  NA  and  (k0°  -  k/1)  as  fitting  parameters  and  noticed  a  30%  discrepancy  from 
the  (k0  '  -  k,'1)  literature  value,  implying  at  higher  temperatures  the  calculated  fit  needed  to  be 
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reduced  by  30%.  However,  GaN  on  sapphire  typically  possesses  dislocation  densities  on  the 
order  of  108  -  1010  cm'225’32.  Therefore  dislocation  scattering  may  contribute  to  the  reduction  in 
the  experimental  mobility,  and  has  been  recently  examined  in  n-type  GaN  28*30.  Dislocation 
scattering  is  usually  treated  as  based  either  on  an  electrostatic  interaction  with  carriers  33  or  on 
the  strain  field  interaction  with  carriers  34.  Both  scathing  mechanisms  assume  non-interacting 
dislocations,  unlikely  in  heavily  dislocated  GaN  and  contrary  to  TEM  studies  of  GaN  on 
sapphire  25.  More  importantly,  the  temperature  coefficients  for  the  electrostatic  and  strain  field 
scattering  mechanisms  are  both  positive  (meaning  the  scattering  rate  decreases  with  increasing 
temperature)  and  fail  to  explain  the  discrepancies  observed  at  high  temperature.  Thus  while  it  is 
possible  dislocation  scattering  describes  the  discrepancies  at  low  temperature  28*30,  it  cannot 
explain  the  hfgh  temperature  differences.  Instead,  we  choose  to  model  the  discrepancies  between 
the  experimental  and  calculated  Hall  mobility  as  the  result  of  hole  transport  in  two  distinct 
microstructural  phases  in  GaN  on  sapphire. 

V.  Microstructural  Based  Discussion  of  Electrical  Properties 

To  interpret  the  discrepancies  between  the  experimental  and  the  calculated  mobility  a 
microstructure-oriented  trjpsport  model,  similar  to  one  first  proposed  by  Bube  35,  has  been 

tfV- 

invoked.  This  model  is  atm  ctive  because  it  provides  a  simplified  picture  of  the  microstructure 
and  takes  into  account  that  carriers  must  traverse  through  two  electrically  distinct  regions.  The 
model  consists  of  an  inhomogeneous  semiconductor  possessing  single  crystal  grain  regions  of 
dimension  lg,  and  resistivity  pv  separated  by  disordered  grain  boundary  regions  of  dimension  lgb 
and  resistivity  pgb,  as  illustrated  in  Fig.  7  (a). 

The  apparent  resistivity  and  the  apparent  Hall  voltage  are  calculated  and  the  Hall 

constant,  free  carrier  density,  and  the  Hall  mobility  are  subsequently  derived.  The  conductivity 
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of  an  inhomogeneous  material  as  shown  in  Fig.  7  (a)  supports  two  parallel  current  paths.  One 
path  traverses  the  grain  boundary  region  while  the  second  path  travels  through  the  grain  and  the 
grain  boundary  region  in  series.  Based  on  the  theory  just  described  the  general  equation  for  the 
measured  resistivity  is  given  by 


(!  +  P)(pg  +PgbP) 

l  +  p  +  ccp  +  p2  ’ 


(3) 


where  P  =  lgb/  lg  and  a  =  pg  /  pgb. 

The  inhomogeneous  transport  model,  as  shown  in  Fig.  7  (a),  simply  reduces  to  transport 
in  one  element,  as  shown  in  Fig.  7  (b).  Subsequently,  the  Hall  voltage  was  treated  as  a  series- 
parallel  assemblage  of  the  basic  unit  as  indicated  in  Fig.  7  (b).  Using  the  equivalent  circuit, 
shown  in  Fig.  7  (c),  an  expression  for  the  Hall  voltage,  AVH,  is  ascertained.  The  measured  Hall 

AV 

constant  R  is  related  to  AVH  by  R- - - — ,  where  J  is  the  total  current  density  and  B  is  the 

7B(/g  +  lgb) 

applied  magnetic  field.  The  apparent  carrier  density,  popp,  and  the  Hall  mobility,  papp,  are 
calculated  from  the  Hall  constant,  R,  via  p  =  (R  q)'1  and  p  =  R/p.  For  a,  (5  «  1,  it  can  be  shown 
that  the  measured  free  carrier  concentration  can  be  expressed  as 

v  —  El _  (4) 

<w  1+0(1  +p/a)' 


and  the  apparent  Hall  mobility  as 

t*app  ~  "**  ^ 

Figures  8  (a)  and  (b)  display  the  apparent  free  carrier  concentration  and  the  apparent  Hall 
mobility  as  a  function  of  P  for  various  a  values.  As  will  be  shown  later  in  the  section,  typical 
values  of  P  and  a  are  approximately  10'3  and  10'4,  respectively.  Hence,  from  Eq.  (4)  and  Fig.  8 


(a),  the  apparent  carrier  density  is  principally  determined  by  the  grain  carrier  density.  Thus,  the 
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experimentally  measured  values  for  NA,  K,  and  E„  change  little  upon  including  the  effects  of 
inhomogeneity.  However,  from  Eq.  (5)  and  Fig.  8  (b)  the  apparent  Hall  mobility  is  greatly 
influenced  by  the  sample  inhomogeneity,  for  example,  papp  ~  0.1  |xg  for  a  =  10'4  and  P  =  10'3. 
Hence,  the  sample  inhomogeneity  prevents  a  consistent  fit  of  the  ionized  impurity  concentration 
from  both  the  carrier  concentration  and  the  mobility  data. 


Recall  P  =  lgb/lg  is  a  constant  but  a  =  Pg/pgb  = 


u  hp  b 

— — —  will  vary  with  temperature.  Thus, 

Ws 


the  apparent  Hall  mobility  will  depend  upon  p,  pgb/pg  and  pgb/pg.  The  grain  region  is  assumed 
single  crystal  GaN,  thus,  the  grain  region  material  parameters  pg  and  pg  are  known  from  our 
pluvious  mobility  calculations  given  in  Section  IE  part  C.  The  inhomogeneous  material  has  been 
modeled  as  crystalline  particles  separated  by  disordered  intejifparticle  regions.  This  simple  ohmic 
conduction  model  essentially  consists  of  an  assemblage  of  series  and  parallel  temperature 
dependent  resistors. 


Instead  of  fitting  the  pg/p  M  ratf6j|J!irectly,  the  grain  boundary  material  is  assumed  to 

iffipi'j 

posses  a  potential  barrier  or  step  (fosiji ve  oijbegative),  VB.  Hence,  the  equation  used  to  model 
the  hole  concentration  in  the  grain  bour^fary  region  is  pgb  =  pg  exp [~qVB/kbT),  where  q,  kb,  and 

T  represent  the  electronic  charge,  boltzmann  constant,  and  temperature,  respectively.  Regardless 
of  the  functional  relationship  describing  Pg/pgb,  our  model  simply  fits  the  ratio,  Pg/pgb. 

Other  models  of  transport  between  the  grain  and  grain  boundary  exist  and  a  nice  review 
is  given  by  Lahiri  et.  al.  36.  For  example,  the  earliest  concept  focused  on  dopant-segregation  37, 
assuming  the  dopant  atoms  mostly  segregate  into  the  grain  boundary  layers  and  hence  cannot 
contribute  to  the  electrical  conduction.  A  non-ohmic  conduction  model  based  on  the  assumption 
that  a  potential  barrier  is  created  by  trapped  carriers  in  the  grain  boundaries  has  also  been 
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investigated  38>39.  For  this  case  the  transport  was  modeled  by  field  emission  and  thermionic 
emission  of  carriers  over  the  barrier.  Another  approach  proposed  drift-diffusion  transport  in 
crystalline-amorphous-crystalline  semiconductor  system  40’41.  Using  these  other  possible 
|  methods  only  changes  what  parameter  you  are  indirectly  fitting.  Furthermore,  very  little  is 
known  about  the  |j^in  boundary  region  for  p-type  GaN:Mg,  in  particular  if  carrier  trapping  is 
present  and  the  amount  of  disorder  in  the  grain  boundary  region,  hence,  a  simple  ohmic 
conduction  model  was  used.  Once  more  information  about  the  p-type  grain  boundary  is  known  a 
more  accurate  model  can  be  evoked. 

A  least  squares  fit  of  Eq.  (5)  to  the  temperature  dependent  experimental  Hall  mobility  for 
each  sample  was  performed.  The  fitting  J||r|meters  were  p,  VB,  A,  and  B,  where  A  and  B  are 
related  to  the  apparent  grain  boundary  mobility  by  p.gb  =  (A  T1 5  +  B  T15)'1.  This  equation  used  to 
model  the  grain  boundary  mobility  is  a  traditional  mobility  equation  using  Matthiessen’s  rule  to 
add  the  mobility  assuming  two  scattering  mechanisms,  ionized  impurity  scattering  and  polar 
optical  phonon  lattice  scattering.  This  initial  assumption  was  again  used  due  to  the  lack  of 
information  known  about  the  grain  boundary  region.  Once  more  information  is  available;  a  more 
accurate  representation  of  transport  in  the  grain  boundary  region  can  be  employed.  Figure  9 
displays  the  results  of  the  least  squares  fit  for  sample  I.  Shown  are  mobility  curves  for 
crystalline  GaN:Mg  (in  the  grain  region),  the  experimental  data,  the  grain  boundary  region,  and 
the  microstructure-oriented  model.  The  extracted  parameters,  P°,  VB,  A,  and  B  are  displayed  in 
Table  IB. 

The  best  fit  to  the  experimental  mobility  data  requires  that  the  apparent  grain  boundary 
mobility  be  on  the  order  of  0.01  cm2/Vs  and  possess  a  slight  temperature  dependence.  The 
apparent  grain  boundary  mobility  is  not  the  actual  mobility  in  the  grain  boundary  region. 
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Instead,  it  is  the  result  of  the  energy  dependence  of  the  mobility  of  a  disordered  material 
combined  with  the  energy  dependence  of  the  carriers  injected  from  the  grain  region.  Developing 
this  argument,  at  low  temperature  the  majority  of  the  carriers  injected  from  the  grain  region  into 
tip] grain  boundary  posses  a  low  energy;  hence,  they  enter  the  low  mobility  states  in  the  grain 
boundary  region.  As  the  temperature  increases  the  number  of  injected  carriers  possessing  higher 
energy  will  increase  and  they  will  begin  to  enter  the  extended  states  of  the  grain  boundary  region 
and  the  apparent  mobility  increases.  As  the  temperature  increases  further,  the  grain  boundary 
mobility  eventually  begins  to  decrease  due  to  lattice  scattering.  As  stated  previously,  dislocation 
scattering  may  influence  the  mobility  at  low  temperature,  as  shown  n-type  GaN  30.  Our  model 
accounts  for  dislocation  scattering  indirectly  in  the  temperature  dependence  of  the  grain 


boundary  mobility  at  low  temperature. 

The  voltage  barrier,  VB,  located  between  the  grain  and  grain  boundary  region  was  fitted 
to  both  positive  and  negative  values.  This  implies  there  are  many  possible  mechanisms 


influencing  the  barrier  height,  for  example, narrowing,  due  to  heavy  doping  in  the  grain 
boundary  region  or  a  mobility  edge  arising  from  disorder  in  the  grain  boundary  region.  The 
barrier  height,  VB,  will  be  positive  or  negative  if  disorder  effects  or  heavy  doping  effects 
dominate,  respectively.  For  the  samples  investigated  it  appears  heavy  doping  effects  in  the  grain 


boundary  region  are  dominant,  and  the  values  of  VB  correspond  to  room  temperature  pg/pgb  ratios 


of  0.5  to  1. 


The  discrepancies  between  experimental  mobility  and  the  calculated  mobility  are 
probably  due  to  a  combination  of  parameters,  however,  the  average  grain  size  to  grain  boundary 
size  ratio  of  the  material,  as  determined  from  transport,  is  one  parameter  that  can  be 


independently  verified.  Subsequently,  in  support  of  this  inhomogeneous  transport  model,  the 
GaN:Mg  film  microstructure  was  characterized  by  x-ray  diffraction. 


High-resolution  x-ray  rocking  curves  were  performed  using  a  triple  axis  diffractometer 
with  an  analyzer  crystal.  In  this  configuration,  the  resolution  limit  of  the  instrument  is  13 
arcseconds.  The  lateral  coherence  length,  the  heterogeneous  strain  normal  to  the  surface,  the 
amount  of  tilt  and  the  rotation  each  columnar  grain  possesses  is  determined  from  the 
investigation  of  (00/)  symmetric  (co-scan)  rocking  curve,  radial  (co/20)  scan,  and  asymmetric 
(105)  scan  FWHM. 


<  £  (]  )%j,n 

A.  Analysis  of  the  Symrij,  teti||^‘c>cking  Curve 

For  the  resolution  limits  stated  above,  the  symmetric,  (00/),  rocking  curve  (co-scan) 

ilJ 'JJObli _ 


breadth  is  controlled  only  by  the  out-of 


pij/l 


j  orientation  or  tilt,  a,m,  and  by  the  lateral 


correlation  length,  LH,  parallel  to  the  sample  surface.  The  contributions  from  each  of  these 
broadening  mechanism  can  be  determined  by  following  a  procedure  similar  to  the  Williamson- 
Hall  plot 42.  Here,  (3n(sin  0)/  A  is  plotted  against  (sin  0)  /  A,  where  is  the  integral  width  of  the 
co-scan,  A.  is  the  X-ray  wavelength,  and  20  is  the  scattering  angle. 

The  Williamson-Hall  plot  separates  the  tilt  and  lateral  coherence  contribution  of  the 
reciprocal  space  breadth  due  to  tilt  and  lateral  coherence.  The  broadening  in  reciprocal  space 
due  to  tilt  will  increase  with  scattering  order,  while  the  breadth  due  to  the  presence  of  a  lateral 
correlation  length  is  independent  of  the  distance  from  the  k-space  origin.  Thus,  if  a  linear 
superposition  of  the  coherence  length  and  tilt  FWHM  line  profiles  is  assumed,  then  the  breadth 
in  reciprocal  space  is  A K  =  A +  A KT,  where  A and  A KT  represent  the  breadth  due  to  the 
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lateral  coherence  length  and  the  out-of  plane  misorientation,  respectively.  Subsequently,  from 
the  y-intersection,  y0,  and  slope,  m,  of  a  linear  fit  to  the  PQ(sin  0)/  X  versus  (sin  0)  /  X  plot,  the 
correlation  length,  Ljj  =  0.9/(2yo),  and  the  tilt  angle,  auu  =  m,  are  estimated.  Figure  10  displays 
the  Williamson-Hall  plot  for  the  (00/)  rocking  curve  FWHM  for  each  sample  investigated.  The 
lateral  correlation  lengths  and  the  tilt  angles  are  provided  in  Table  IV.  As  shown,  sample  II 
sample  possesses  columnar  grains  with  larger  in-plane  coherence  lengths  and  a  tilt  smaller  by 
half,  with  respect  to  the  c  axis,  than  the  three  other  samples. 

The  density  of  screw  dislocations,  N(00on,  can  be  estimated  43  44  from  the  assumption  that  the 
affect  of  screw  dislocations  is  to  provide  an  over  all  tilt  to  the  columnar  grain.  This  is  a 
reasonable  assumption  since  the  burgers  vector  is  along  the  dislocation  line  for  a  screw 
dislocation.  The  following  equation  estimates  the  density  of  screw  dislocations, 


‘  4-3%f 


|2  ’ 


(6) 


where  |bc|  =  0.5185  nm,  is  the  burgers  vector  of  the  c-type  threading  dislocation.  The  estimated 
density  of  screw  dislocations  is  provided  in  Table  IV.  As  shown,  sample  II  is  estimated  to 
possess  almost  and  order  of  magnitude  less  density  of  screw  dislocations  than  the  other  three 
GaN  samples  investigated. 


B.  Analysis  of  the  Symmetric  Radial  Scan 

Information  on  the  heterogeneous  strain  perpendicular  to  the  surface,  the  coherence 
length  perpendicular  to  the  surface,  and  the  density  of  edge  dislocations  can  be  obtained  from  an 
investigation  of  the  symmetric  (00/)  radial  scan  (to/20)  FWHM  and  the  asymmetric  (105)  <)> 
scans.  Under  the  assumptions  that  broadening  of  the  (00 Z)  symmetric  radial  scan  is  only  due  to  a 
coherence  length  normal  to  the  surface,  Lx,  and  heterogeneous  strain,  ex,  L±  and  can  be 
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estimated  following  a  similar  procedure  outlined  in  Section  VI  Part  A.  The  broadening  in 

reciprocal  space  due  to  strain  is  proportional  to  the  scattering  order  while  the  broadening  due  to  a 

small  coherence  length  is  independent  of  the  scattering  order.  Hence,  the  y-intercept,  y0,  and 

% 

slope,  m,  of  a  linear  fit  to  P^e  cosO/A,  plotted  against  sin0/A  (Williamson-Hall  plot) 42  provide  an 
estimation  of  L±  =  0.9/(2yo)  and  e±=  m/4.  From  a  best  linear  fit,  the  heterogeneous  strain  and 
coherence  normal  to  the  surface  are  estimated,  and  the  results  are  provided  in  Table  V. 

The  y-intercept  of  the  best  linear  fit  was  close  to  zero  or  negative,  yielding  unbelievably 
large  perpendicular  coherence  lengths,  possibly  implying  the  broadening  may  be  thickness 
limited.  However,  the  heterogeneous!:' train  was  determined  and  sample  II  possesses  a  strain 
roughly  an  order  of  magnitude  less  than  that  in  the  other  samples  studied. 


C.  Analysis  of  Asymmetrical  (105 


lean  FWHM 


The  amount  of  twist  or  rotation  with  respect  to  the  c  axis  is  estimated  from  an 
asymmetrical  <J>  scan,  as  shown  in  Fig.  11.  The  breadth  of  the  4>  scan  is  assumed  to  be  the  amount 
of  rotation,  a$,  each  sample  experiences,  and  the  results  for  a  (105)  <}>  scan  are  displayed  in  Table 
VI.  Furthermore,  if  the  rotation  is  assumed  to  be  due  to  a-Type  threading  dislocations  then  an 
estimation  of  the  density  of  edge  dislocation  can  be  made  following  the  equation  given  by  Gay 
et.  al. 43  and  modified  by  Dunn  and  Koch  44 


Nc=-a-0- 


E  4.35 b\  ’ 


(7) 


where  the  burgers  vector,  |bE|  =  0.3189  nm,  is  for  a  pure  edge  dislocation.  This  equation  applies 
for  isolated  dislocations.  However,  in  GaN  the  dislocations  are  also  clustered  at  the  low  angle 
grain  boundaries.  Thus,  Eq.  (7)  is  modified  to  account  for  the  clustered  dislocations  between  the 
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grains,  as  characterized  by  Lg,  from  Section  VI  Part  A.  The  density  of  edge  dislocations  for  this 
case  is  given  as 


2.%|Z,' 


(8) 


The  two  extreme  cases  just  addressed  provide  a  range  for  the  estimation  of  pure  edge 
dislocations  in  the  invest||.ted  samples,  since  both  cases  presumably  apply.  Table  VI  provides 
the  density  of  edge  dislocations,  calculated  from  Eqs.  (7)  and  (8)  for  each  sample. 

VII.  Correlation  between  XRD  and  Micro|||]?cture-Oriented  Model  Coherence  Length 

An  apparent  correlation  between  the  lateral  correlation  length,  Lg,  as  determined  from  x- 
ray  diffraction,  and  the  extracted  ratio  P-1  =  lg/lgb,  as  determined  from  the  inhomogeneous 
transport  model,  has  been  observed.  The  correlation  between  Lg  and  P-1  is  shown  in  Fig.  12.  The 
less  than  perfect  correlation  is  due  in  part  to  the  following  reasons.  Clearly  more  factors  control 
transport  than  have  been  included.  For  example,  the  transport  may  depend  upon  the  different 
degrees  of  twist  or  tilt  between  adjoining  grains,  and  each  sample  realistically  possesses  a 
different  range  of  grain  sizes  but  only  an  average  size  was  estimated.  Furthermore,  the  effects  of 
many  factors  giving  rise  to  the  discrepancies  between  the  experimental  and  modeled  mobility 
have  been  reduced  to  one  parameter,  P'1,  the  grain  to  grain  boundary  length  ratio.  In  addition, 
P'1,  a  ratio,  was  compared  to  a  physical  length,  Lg.  Ideally,  one  would  like  to  correlate  the  grain 
size  lg,  as  determined  from  transport,  and  the  la|eral  coherence  length,  Lg,  as  determined  from 
XRD.  However,  no  independent  information  ^i|  ut  the  grain  boundary  exists.  Thus,  the  less 
then  ideal  correlation  between  Lg  and  P'1  can  manifest  itself  in  the  difference  in  lgb  for  each 
sample. 

The  microstructure  of  sample  IV  probably  accounts  for  the  one  inconsistent  point 
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observed  in  Fig.  12  between  the  grain  length  to  grain  boundary  length  ratio,  fj'1,  and  the  lateral 
grain  size,  Lj,  as  determined  by  XRD.  The  material  of  sample  IV  possesses  room  temperature 
mobility  comparable  to  the  sample  II,  yet  its’  film  structure,  as  characterized  by  XRD  was 
among  the  worst  of  the  samples  investigated.  XRD  examines  the  entire  layer  thickness  and  may 
appear  poor  due  to  the  quality  of  the  film  near  the  buffer  layer.  Yet,  the  transport  of  holes  will 
occur  in  the  higher  crystalline  quality  material,  typically  located  in  the  top  half  of  GaN  samples. 
If  parallel  conduction  is  occurring,  the  measured  Hall  mobility  is  a  non-linear  combination  of  the 
mobility  and  carrier  concentration  in  each  layer  given  by 

(7) 

WiM  i  +  W2p2fi2 

where  Wj  and  W2  represent  the  thickness  of  the  two  layer  material,  p ;  and  p2  denote  the  carrier 
concentration  for  the  two  layers,  and  and  fj^  are  the  mobility  in  each  layer.  It  is  expected  that 
the  extended  state  mobility  of  the  layer  adjacent  to  the  GaN/air  interface  is  greater  than  the 
mobility  of  the  more  disordered  region  near  the  GaN/buffer  interface.  Hence,  transport  will 
depend  on  the  more  homogeneous  layer  near  the  GaN/air  interface. 

In  addition,  experimental  mobility  is  not  correlated  with  the  lateral  coherence  length,  Ly. 
This  is  understandable  since  the  experimental  mobility  is  dependent  upon  the  acceptor 
concentration,  impurity  compensation,  and  the  microstructure.  For  example,  just  as  the  mobility 
of  p-type  GaN:Mg  grown  on  sapphire  cannot  be  modeled  by  only  considering  the  traditional 
extended  state  scattering  mechanisms,  the  mobility  cannot  be  modeled  by  only  considering  the 
material  quality. 

In  summary,  it  has  been  shown  that  the  experimental  mobility  of  GaN:Mg  is  influenced 

by  the  microstructure.  A  model  has  been  provided  to  explain  the  high  temperature  discrepancies 

between  the  mobility  numerically  calculated  to  accurately  account  for  the  inelastic  scattering  of 
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polar  optic  phonons  and  the  experimental  mobility.  Furthermore,  a  correlation  required  by  the 
inhomogeneous  model  between  the  lateral  correlation  length,  as  determined  by  x-ray  diffraction, 
and  the  extracted  ratio,  (3'1  =  lg/lgb  was  observed. 

Eventually,  with  improved  growth  of  GaN,  the  material  will  approach  ideal  single  crystal 
quality.  Such  an  improved  quality  might  be  expected  for  the  “lateral  epitaxial  overgrowth 
(LEO)”  material  now  being  investigated  in  several  laboratories  45-49  or  other  novel  growth 
technique  50.  In  these  cases  tlj§  Iqobility  of  p-type  GaN:Mg  should  be  well  described  by 
traditional  extended  state  scattering  mechanisms.  Hence,  the  next  section  will  address  the  limits 
in  GaN:Mg  conductivity  and  mobility  for  ideal  single  crystal  GaN:Mg. 


Mi 


VI.  Conductivity  and  Mobility  Ljf 


fn  Single  Crystal  life :Mg 


Figures  13  (a)  and  (b)  display  the  calculated  mobility  and  conductivity  for  crystalline  p- 
type  GaN:Mg  with  an  activation  energy  of  150  meV  and  compensation  ratio  of  K  =  0.1  as  a 
function  of  Mg  doping  concentration.  As  shown,  the  conductivity  has  an  upper  limit  of  10  (Q 
cm)'1  at  300  K  and  30  (£2  cm)1  at  500  K.  Hence,  as  the  growth  of  p-type  GaN:Mg  improves, 
GaN  devices  that  include  p-type  GaN:Mg  will  still  possess  a  high  spreading  resistance. 


VII.  Summary 

From  the  analysis  of  the  p-type  GaN:Mg  Hall  mobility,  it  has  been  shown  that  the 
experimental  Hall  Mobility  cannot  be  explained  solely  by  traditional  extended  state  scattering 
mechanisms.  We  see  not  only  are  the  mobilities  not  accurately  modeled  by  solving  the  BTE,  but 
that  the  calculated  results  do  not  even  reflect  the  trend  in  experimental  mobility  values  between 
samples.  While  dislocation  scattering  may  control  the  low  temperature  mobility  it  does  not 
explain  the  discrepancies  observed  for  high  temperature.  A  microstructure-oriented  model  is 
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presented  for  an  interpretation  of  the  transport  of  holes  in  p-type  GaN:Mg  grown  on  sapphire. 
The  microstructure-oriented  model  provides  a  simplified  picture  of  the  microstructure,  consisting 
of  two  distinct  microstructural  phases  in  GaN  on  sapphire.  Using  this  model  for  the 
experimental  mobility,  the  extracted  parameters  from  hole  transport  measurements  were  shown 
to  be  positively  correlated  with  microstructural  parameters  determined  from  XRD  measurements. 
The  experimental  mobility  of  p-type  GaN:Mg  grown  on  sapphire  can  be  described  as  dependent 
upon  the  acceptor  doping,  impurity  compensation,  and  microstructure,  including  dislocation 
density,  columnar  grain  size,  and  grain  boundaries. 
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Table  Captions 


Table  I: 

Material  parameters  used  for  calculating  the  mobility  of  p-type  GaN:Mg. 

Table  II: 

Impurity  concentrations,  compensation  ratio,  aq|>]v'ation  energy,  300  K  free  hole  concentration, 
and  300  K  mobility  each  sample  investigated. 


Table  IE: 

Parameters  extracted  from  the  microstructure-oriented  model.  Thi|'i|l?t|tide  (J*1,  the  ratio  of  grain 

MlF' 

length  to  grain  boundary  length,  A  and  B,  coefficients  of  the  apparent  grain  boundary  mobility, 
and  VB,  the  extracted  barrier  height. 


Table  IV: 

Parameters  extracted  from  the  rocking  curve  Williamson-Hall  plot.  They  include  Ly,  a^,,  and  Ns, 
which  respectively  denote  the  lateral  coherence  length,  angle  of  tilt,  and  density  of  screw 
dislocations. 


Table  V: 

Parameters  extracted  from  the  radial  scan  Williamson-Hall  plot.  They  include  and  which 
respectively  denote  the  average  coherence  length  and  the  amount  of  strain  normal  to  the  surface. 


Table  VI: 


Parameters  extracted  from  the  asymmetrical  scan.  They  include  a,,,,  NE,  and  n'e,  which 
respectively  denote  the  average  twist  each  columnar  grain  possesses,  the  number  of  edge 
dislocation  assuming  they  are  isolated,  and  the  number  of  edge  dislocations  assuming  they  are 
clustered  at  a  low  angle  grain  boundary. 
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Figure  Captions: 


Figure  1: 

Hall  hole  concentration  as  a  function  of  inverse  temperature  for  p-GaN.  Solid  triangles  and  open 
squares  represent  experimental  data  for  the  sample  I  and  II,  respectively.  Solid  lines  result  from 
least-squares  fits  of  the  charge  balance  equation  to  the  experimental  data. 

Figure  2: 

Individual  hole  lattice  scattering  mechanisms  for  GaN:Mg.  (a)  PO  =  polar  optical  phonon,  (b) 
NPO  =  non-polar  optical  phonon,  (c)  NPA  =  non-polar  acoustical  phonon,  (d)  PZ  =  piezoelectric, 
(e)  lattice  limited  =  combined  lattice  scattering. 

Figure  3: 

Calculated  and  experimental  hole  mobility  as  a  function  of  temperature.  II  =  ionized  impurity, 
total  =  total  calculated  mobility,  solid  dots  are  experimental  data,  (a)  Sample  I:  NA  =  14  x  1018 
cm'3,  K  =  0.58,  Ea  =  153  meV,  (b)  Sample  II:  NA  =  9.6  x  1018  cm  3,  K  =  0.15,  Ea  =  173  meV. 

Figure  4: 

Hall  mobility  as  a  function  of  temperature  for  p-type  GaN:Mg.  (a)  Experimental  data:  Solid 
squares,  solid  diamonds,  solid  circles,  and  open  circles  represent  experimental  mobility  for 
sample  1, 13,  HI,  and  IV,  respectively,  (b)  mobility  calculation  for  each  sample  investigated  using 
material  parameters  given  in  Table  I  and  II. 
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Figure  5: 

SEM  images  taken  of  a  cleaved  edge  for  three  samples:  (a)  sample  II,  (b)  sample  I,  and  (c) 
sample  III. 

Figure  6: 

Atomic  force  microscopy  (AFM)  topographs  for  samples  in  this  study,  (a)  sample  II,  (b)  sample 

m. 

Figure  7: 

Schematic  representation  of  Bube’s  model  with  grains  of  dimensions,  lg,  separated  by  grain 
boundaries  of  dimensions,  lgb.  (b)  Basic  unit  of  a  grain  showing  bulk  (g)  and  boundary  (gb) 
regions,  (c)  Equivalent  circuit  to  describe  the  Hall  voltage.  VH  and  AV„  are  the  Hall  voltage,  j, 
and  j2  are  the  current  density  for  the  two  current  pathways  in  the  basic  unit,  and  rg,  rgbl,  rgb2,  Vg, 
Vgbl,  and  Vgb2  are  the  resistance  and  voltage  drop  across  the  grain  (g)  and  grain  boundary  (gb) 
regions  used  to  calculate  the  Hall  voltage. 

Figure  8: 

(a)  The  apparent  carrier  concentration  divided  by  the  grain  carrier  concentration  ratio  plotted  as  a 
function  of  P  =  lgb/lg  for  various  values  of  a  =  pjp%b.  (b)  The  apparent  mobility  divided  by  the 
grain  mobility  ratio  plotted  as  a  function  of  P  =  lgb/lg  for  various  values  of  a  =  Pg/pgb.  For  typical 
values  of  P  and  a  the  inhomogeneity  influences  the  carrier  concentration  Hall  measurement  less 
than  the  mobility  measurement. 
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Figure  9: 

Mobility  as  a  function  of  temperature:  Shown  are  the  grain  (cry|ta(fi  ie)  mobility,  grain 
boundary  mobility,  experimental  mobility  for  the  sample  I,  and  least  squares  fit  of  the 
experimental  data  to  the  apparent  mobility,  given  in  Eq.  (2.5),  from  the  microstructure-oriented 
model. 


Figure  10: 

Williamson-Hall  plot  of  the  rocking  curve  FWHM  of  symmetric  XRD  peaks. 

Figure  11: 

Asymmetrical  (105)  <|>-scan  for  sample  n. 

Figure  12: 

Shown  is  the  extracted  ratio  of  grain  to  grain  boundary  length,  P'1  =  yigb,  as  determined  from  the 
microstructure-oriented  model,  as  a  function  of  L(|,  as  determined  from  XRD.  The  straight  line 
represents  a  best  linear  fit  to  the  data. 

Figure  13: 

(a)  Calculated  low-field  hole  mobility  for  p-type  GaN:Mg  as  function  of  the  Mg  concentration 
for  ambient  temperatures  of  100  K,  300  K,  and  500  K.  (b)  Calculated  conductivity  for  p-type 
GaN:Mg  as  a  function  of  Mg  doping  compensation  for  ambient  temperatures  of  100  K  (solid), 
300  K  (dashed),  and  500  K  (solid).  For  compensation,  K  =  0.1  and  Ea  =  150  meV. 
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Table  I: 


Heavy  hole  effective  mass 

mh* 

1.89m0i 

Light  hole  effective  mass 

m,* 

0.337  mD  1 

Split-off  effective  mass 

m** 

0.813  m0 1 

Light  hole  energy 

(meV) 

6 iv 

Split-off  hole  energy 

Eso  (meV) 

24  *'v 

Low  frequency  dielectric  constant 

K 

9.5  vi 

High  frequency  dielectric  constant 

K 

5.35  vi 

Longitudinal  polar  optical  temperature 

0(K) 

1055 vivia 

Non-polar  acoustical  deformation  potential 

Ewpa  (eV) 

1 ix 

Non-polar  optical  deformation  potential 

Enpo  (eV) 

2 x 

Piezoelectric  constant 

h14(Cm-2) 

0.5  ” 

Mass  density 

p(103kgm-3) 

6.10 

Acoustical  velocity 

s  (103m  s'1) 

6.59  vii 

i.  Ref.  u,  ii.  Ref.  n,  iii.  Ref. 13,  iv.  Ref. 14,  v.  Ref. 15,  vi.  Ref.  16,  vii.  Ref. 17,  viii.  Ref. 18,  ix.  Ref. 
19,  x.  The  optical  deformation  potential  is  assumed  to  be  approximately  twice  the  value  of  the 
acoustic  deformation  potential  following  Wiley  20.  Most  III-V  p-type  semiconductors  have 
Enp0/Enpa  ~2.  xi.  Ref. 21 ,  xii.  Ref. 22. 
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Table  II: 


Sample 

Na 

(1018  cm'3) 

Nd 

(1018cm‘3) 

K 

Ea 

(meV) 

P 

(1017cm'3) 

P 

(cm2/V  s) 

I 

14 

8.2 

0.58 

153 

0.7 

6.2 

II 

9.6 

1.5 

0.15 

173 

2.03 

15.2 

III 

2.4 

0.7 

0.3 

183 

0.8 

7.7 

IV 

7.0 

3.3 

0.48 

148 

1 

15.9 
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Table  ID 


Sample 

r = w 

A  (V  s  cm'2  K'3/2) 

B(V  s  cm'2K3/2) 

VB  (mV) 

I 

207 

3.4  x  10'3 

2.4  x  104 

0.6 

n 

351 

3.4  x  10'3 

1.3  x  104 

-8.7 

m 

223 

4.4  x  10'3 

1.7  x  104 

-5.4 

IV 

311 

3.8  x  10'3 

2.3  x  104 

-19.8 
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Table  IV 


Sample 

L,|  (nm) 

a®  (deg) 

Ns  (107  cm'2) 

I 

594 

0.15 

59 

n 

835 

0.06 

9.4 

m 

219 

0.11 

32 

IV 

331 

0.13 

44 
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Table  V 


Sample 

L±  (nm) 

ex,  strain 

I 

15946 

1.0  x  10-4 

n 

3665 

3.2  x  10'3 

HI 

- 

2.2  x  10-4 

IV 

- 

1.8  x  10-4 
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Table  VI 


Sample 

a, (105) (deg) 

Ne  (cm*2)  (105) 

Ne  (cm  2)  (105) 

I 

0.7795 

4.2  x  1010 

3.4  x  109 

n 

0.3749 

9.7  x  109 

1.2  x  109 

m 

0.86 

5.1  x  1010 

1.0  xlO10 

IV 

0.8946 

5.5  x  10'° 

7.0  xlO9 
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Figure  2: 


Temperature  (K) 
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Figure  3: 


Temperature  (K)  Temperature  (K) 


(a)  (b) 
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Figure  4: 


Temperature  (K)  Temperature  (K) 


(a) 


(b) 
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Figure  5 
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I 


Figure  6 
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Figure  7 
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Figure  9 


150  200  300  400  500 

Temperature  (K) 
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Figure  12 


Substitutional  Mg  cone,  (cm'3)  Substitutional  Mg  cone,  (cm  ) 
(a)  (b) 
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Oxide-Confined  Monolithic,  Multiple-Wavelength 
Vertical-Cavity  Surface-Emitting  Laser 
Arrays  with  a  40-nm  Wavelength  Span 


Yuxin  Zhou,  S.  Luong,  C.  P.  Hains, 


Abstract—  Monolithic,  multiple-wavelength,  vertical-cavity 
surface-emitting  laser  arrays  grown  by  controlling  the 
metal-organic  chemical  vapor  deposition  epitaxial  growth  rate 
on  a  patterned  substrate,  and  using  selective  oxidation  for 
current  confinement,  have  been  demonstrated  with  a  periodic, 
graded  wavelength  span  of  40  nm.  Near  room-temperature, 
electrically  pumped  continuous-wave  lasing  is  achieved  over  the 
entire  40-nm  range,  with  uniform  threshold  currents  of  4.5  mA 
±  1.0  mA,  and  with  output  powers  ranging  from  0.4-13  mW. 

Index  Terms—  Monolithic  VCSEL  arrays,  multiwavelength 
lasers,  patterned  MOCVD  growth,  wavelength-division  multi¬ 
plexing. 

Vtt AVELENGTH-DI VISION  multiplexing  (WDM)  in- 
yV  creases  the  data  throughput  in  a  fiber-based  optical 
interconnect,  while  amortizing  the  cost  of  the  interconnect 
over  multiple  wavelength  channels.  WDM  also  provides  a 
means  for  mapping  two-dimensional  (2-D)  optical  signals 
into  a  one-dimensional  (1-D)  array,  or  mapping  a  1-D  array 
into  a  single  fiber,  to  facilitate  the  transmission  of  parallel 
optical  data  channels  across  larger  distances  using  a  fiber 
ribbon  cable.  To  implement  WDM  at  a  local  interconnect 
level  using  vertical-cavity  surface-emitting  lasers  (VCSEL’ s) 
requires  an  inexpensive  means  for  achieving  wavelength- 
graded  arrays  in  a  controllable  and  reproducible  manner, 
while  preserving  uniform  device  characteristics  within  each 
array.  One  method  for  accomplishing  both  objectives  is 
by  locally  controlling  (scaling)  the  metal-organic  chemical 
vapor  deposition  (MOCVD)  growth  rate  of  VCSEL’ s  on  a 
topographically  patterned  growth  surface  [1].  By  perturbing 
the  flow  and  concentration  gradients  of  the  reactant  species, 
the  growth  rate  can  be  locally  enhanced  or  reduced  [2],  [3], 
resulting  in  a  resonance  structure  whose  layer  thicknesses 
and  resonance  wavelength  are  scalable.  Using  this  technique, 
we  have  previously  achieved  periodic  wavelength-graded 
VCSEL  [2]  and  resonant  photodetector  [3]  arrays  with  a 
wavelength  span  of  ~30-nm  using  proton-implantation  for 
VCSEL  current  confinement,  and  the  repeatability  of  the 
wavelength  grading  for  different  arrays  has  been  demonstrated 
[3].  The  use  of  selective  oxidation  for  current  confinement 
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can  potentially  achieve  VCSEL  arrays  with  smaller  active 
areas  and  lower  operating  currents,  but  the  applicability 
of  this  wavelength  grading  technique  to  nonplanar  oxide- 
confined  VCSEL  arrays  has  not  been  tested.  In  this  work,  we 
demonstrate  that  oxide-confined  VCSEL  arrays  can  be  grown 
on  a  patterned,  nonplanar  substrate,  and  show  that  near  room- 
temperature,  continuous-wave  (CW)  lasing  can  be  achieved 
over  a  wavelength-grading  range  of  40  nm. 

For  this  work,  a  GaAs  substrate  was  patterned  into  periodic 
arrays  of  ridges  and  channels  with  varying  widths  (tu)  but 
a  constant  spatial  period  (p  —  250  /am)  using  standard 
contact  photolithography  :(nd  chemical  etching.  The  pattern 
was  oriented  along  the  (Oil)  direction  and  the  etch  depth  is 
~5  /im.  We  define  the  spatial  duty  factor  of  the  pattern  as 
DF  =  ±(1  -  w/p),  where  w  is  the  width  of  the  ridge  (+) 
and  channel  (-),  respectively.  Following  surface  preparation 
steps  to  remove  any  oxide,  a  standard  GaAs-AlGaAs  VCSEL 
structure  (with  A  =  843  nm)  is  grown  by  low  pressure 
MOCVD  on  a  rotating  substrate  (~100  r/m).  The  growth 
is  carried  out  at  725  °C,  with  a  pressure  of  60  torr,  a 
V/in  ratio  100,  and  a  growth  rate  of  ~8  A/s.  The  active 
region  consists  of  a  graded-index  separate-confinement- 
heterostructure  (GRINSCH)  containing  four  120-A-thick 
GaAs  quantum  wells  separated  by  100-A-thick  Alo.15Gao.85As 
barrier  layers,  which  is  sandwiched  between  a  25-pair,  p- 
doped  distributed  Bragg  reflector  (DBR)  mirror  on  top  and 
a  38.5-pair,  n-doped  DBR  mirror  on  the  bottom.  Each  DBR 
mirror  consists  of  Alo.15Gao.85As-Alo.92Gao.08As  quarter- 
wave  layers  with  linearly  composition-graded  heterointerfaces, 
except  for  the  three  DBR  pairs  that  are  adjacent  to  the  active 
region,  which  contain  591-A-thick  Al0.9sGa0.02 As  layers  for 
selective  wet  oxidation.  The  doping  concentrations  of  the 
DBR’s  are  graded  from  5.0  x  1017/cm3  near  the  active  region 
to  2.0  x  1018 /cm3  away  from  the  active  region.  The  VCSEL’s 
were  processed  by  standard  techniques  using  dry  etched  mesas, 
and  were  oxidized  in  a  furnace  at  440  °C  using  a  steam  source 
consisting  of  3  1/m  of  No  bubbled  through  H2O  at  82  °C.  The 
VCSEL  arrays  consist  of  20  wavelength  elements  with  a 
center-to-center  spacing  of  250  /xm  yielding  an  array  length 
of  5  mm.  The  background  growth  variation  yields  a  lasing 
wavelength  shift  of  <2.5  nm  over  this  distance. 

Fig.  1  shows  the  lasing  wavelength  as  a  function  of  duty 
factor  for  a  linear  array  of  9-/xm  VCSEL’s  under  CW  operation 
at  room  temperature  (RT  =  297  K),  and  at  268  K,  as  well  as 
pulsed  operation  (6-ns  pulses,  0.001  duty  cycle)  at  297  K. 
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Fig.  1.  Wavelength  of  the  lasing  mode  as  a  function  of  spatial  duty  factor 
for  elements  of  a  monolithic,  oxide-confined  VCSEL  array  (9-/tm  active 
area)  under  CW  and  pulsed  lasing  operation  at  297  K;  and  under  CW  lasing 
operation  at  268  K.  with  the  last  two  showing  a  40-nm  wavelength  grading 
range  by  including  both  the  enhanced  and  reduced  growth  rate  regimes  (ridges 
and  channels). 

The  emission  wavelengths  of  all  devices  were  measured  at 
1.1  x/th,  where  Jt h  is  the  lasing  threshold  current.  At  RT, 
all  elements  of  the  array  lased  under  pulsed  operation  with 
a  wavelerigth  grading  span  of  40  nm,  while  CW  lasing  only 
occurred  at  the  longer  wavelengths  with  a  10-nm  span.  The 
curtailment  of  the  CW  lasing  range  is  due  to  an  unintended 
red-shift  of  the  quantum-well  gain  spectrum,  which  resulted 
in  a  reduced  modal  gain  for  devices  (in  the  channels)  whose 
lasing  modes  occur  at  shorter  wavelengths.  The  higher  It h, 
lower  efficiency  and  increased  self-heating  in  these  devices 
prevented  them  from  achieving  CW  lasing  at  RT.  To  off-set  the 
gain  misalignment,  the  VCSEL  array  was  thermoelectrically 
cooled  to  blue-shift  the  gain  spectrum  of  the  quantum  wells  to 
shorter  wavelengths  lying  in  the  middle  of  the  wavelength 
grading  range.  At  268  K,  CW  lasing  was  achieved  by  all 
elements  of  the  VCSEL  array  with  a  total  wavelength  grading 
range  of  40  nm,  as  shown  in  Fig.  1.  For  each  device,  the 
CW  lasing  wavelength  at  268  K  is  ~0.5-1.0  nm  longer  than 
its  pulsed  lasing  wavelength  at  RT,  reflecting  the  effect  of 
self-heating  under  CW  operation.  Although  cooling  the  array 
from  RT  to  268  K  blue-shifts  the  lasing  mode  by  ~1.5  nm, 
the  presence  of  self-heating  produces  a  net  red-shift  of  ~0.5 
nm  vis  a  vis  pulsed  operation  at  RT,  suggesting  a  ~40  K 
rise  in  junction  temperature  during  CW  operation.  At  RT, 
the  CW  lasing  wavelength  is  also  increased  by  ~1. 5-2.0  nm 
(~40  K)  over  the  pulsed  lasing  wavelength  as  a  result  of 
self-heating. 

As  shown  in  Fig.  2,  the  VCSEL  array  showed  uniform 
threshold  currents  (and  voltages),  which  range  from  3.0  to 
4.5  mA  (3.6  to  3.9  V)  for  pulsed  operation  at  297  K,  and 
from  3.5  to  mA  (3.7  to  4.1  V)  for  CW  operation  at  268  K. 
These  variations  reflect  the  wavelength  dependence  and  the 
finite  width  of  the  optical  gain  spectrum.  The  higher  threshold 
voltages  were  due  to  the  unexpectedly  low  doping  of  the  p- 
DBR,  which  increased  the  heterojunction  barrier  resistance  and 
caused  significant  heating  of  the  devices  under  CW  operation. 


Fig.  2.  Threshold  current  as  a  function  of  spatial  duty  factor  for  a  mul¬ 
tiwavelength  VCSEL  array  under  CW  and  pulsed  lasing  operation  at  297 
K,  and  under  CW  lasing  operation  at  268  K,  showing  the  achievement  of 
uniform  threshold  currents. 


Fig.  3.  Light  versus  current  (1-7),  and  voltage  versus  current  (V-J)  char¬ 
acteristics  of  VCSEL’ s  from  a  wavelength-graded  array  under  CW  operation 
at  268  K,  with  different  spatial  duty  factors  spanning  the  wavelength  grading 
range. 

Evidence  of  the  blue-shifting  of  the  gain  peak  by  cooling  can 
be  seen  by  comparing  the  minimum  values  of  Jt h  for  CW 
operation  at  268  K  and  at  RT,  which  shows  a  shift  from 
850.5  nm  (DF  =  0.5)  at  RT  to  844.5  nm  (DF  =  0.3)  at  268 
K.  The  broader  wavelength  grading  span  for  CW  lasing  at 
268  K  results  from  both  the  improved  mode-gain  alignment 
and  the  improved  efficiency  (higher  gain,  lower  loss)  at  lower 
temperatures.  The  small  shift  in  /th  between  RT  and  268  K 
operation  shows  that  parasitic  effects  such  a  carrier  leakage 
and  nonradiative  recombination  do  not  play  a  significant  role. 

Fig.  3  shows  the  electrical  and  lasing  characteristics  of 
devices  from  a  multiwavelength  array  under  CW  operation 
at  268  K  with  maximum  optical  output  powers  between  0.4 
and  1.3  mW.  The  electrical  characteristics  are  only  weakly 
dependent  on  DF,  but  the  lasing  characteristics  show  that  even 
with  the  improved  mode-gain  alignment  at  268  K,  the  gain 
spectrum  still  favors  the  longer  wavelength  (ridge)  devices 
over  the  shorter  wavelength  (valley)  devices,  with  the  former 
having  higher  peak  powers  than  the  latter.  This  shows  that 
although  scaling  the  growth  rate  has  reduced  the  wavelength 
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Fig.  4.  The  normalized  CW  lasing  spectra  of  9-/tm  VCSEL’s  from  a  single, 
monolithic,  wavelength-graded  array  operating  at  1.1  x  Jth  and  268  K. 


dependence  of  the  optical  loss  [4],  the  finite  width  of  the 
optical  gain  spectrum  can  still  produce  nonuniform  (albeit 
more  uniform)  lasing  characteristics  for  arrays  with  a  wide 
wavelength  grading  range.  Arrays  with  more  uniform  threshold 
currents  and  output  powers  can  be  achieved  in  the  future  by 
broadening  the  gain  spectrum  and  centering  it  in  the  middle 
of  the  wavelength  grading  range. 

The  CW  lasing  spectra  (268  K)  of  VCSEL’s  from  a  single 
array  with  a  40-nm  wavelength  grading  range  are  shown  in 
Fig.  4.  The  spectra  are  single-mode  with  a  more  than  20-dB 
sidemode  suppression  ratio  up  to  ~1.4  x  It h,  except  at  the 
lower  extreme  of  the  grading  range.  The  uneven  wavelength 
separations  are  due  to  the  values  of  DF  provided  by  the  current 
mask  set,  which  can  be  chosen  later  to  produce  the  desired 
wavelength  spacing  and  grading  span.  Finally,  Fig.  5  shows  a 
cross-sectional  view  of  the  epilayer  structure,  illustrating  the 
quality  of  the  epimaterial  as  well  as  the  uniform  propagation 
of  the  oxidation  fronts  (the  three  dark  lines  above  and  below 
the  active  region)  across  a  nonplanar  surface. 

In  conclusion,  we  have  demonstrated  for  the  first  time 
a  monolithic  array  of  multiple-wavelength,  oxide-confined 
VCSEL’s  that  have  achieved  near-RT  CW  lasing  with  uni¬ 
form  device  characteristics  and  a  wavelength  span  of  40  nm. 
This  was  done  using  a  simple  patterned  growth  technique 
that  provides  much  design  flexibility  in  wavelength  selection 


Fig.  5.  Electron  micrograph  showing  a  cross  section  of  the  VCSEL  epilayer 
structure  grown  on  a  nonplanar  substrate,  which  clearly  delineates  all  the 
epilayers  and  demonstrates  continuous  oxidation  (dark  lines)  over  an  etched 
mesa  structure. 


and  spacing.  This  technique  is  well-suited  for  realizing  2-D 
VCSEL  arrays  with  uniform  characteristics  whose  emission 
wavelengths  are  graded  in  only  on  dimension.  It  is  less  well- 
suited  for  achieving  2-D  wavelength  grading  due  to  the  greater 
directional  variations  of  the  spatial  duty  factor. 
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resonance-e  nhanced  quantum  well 
photodetectors 


G.G.  Ortiz,  C.P.  Hains,  J.  Cheng,  H.Q.  Hou  and 
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Indexing  terms:  Integrated  optoelectronics.  Vertical  cavity  surface 
emitting  lasers.  Photodetectors 


Vertical-cavity  surface-emitting  lasers  (VCSELs)  have  been 
monolithically  integrated  with  resonance-enhanced  photo- 
detectors  (REPDs)  using  a  single  epilayer  design,  to  produce  a 
simple  array  of  sources  and  detectors  for  optical  interconnect 
applications.  The  detectors,  which  contain  a  three  quantum  well 
InGaAs  absorption  region,  achieve  quantum  efficiencies  as  high 
as  85%,  and  the  VCSELs  achieved  threshold  current  densities  as 
low  as  850A/cm2  and  differential  quantum  efficiencies  as  high  as 
50%. 


In  high  density  parallel  optical  interconnect  applications,  it  is 
often  advantageous  to  integrate  monolithically  the  optical  source, 
photodetector  and  switching  functions  on  the  same  substrate.  This 
allows  the  functional  integration  of  all  the  optical  interconnection 
and  optoelectronic  interface  functions  in  a  very  compact  format.  It 
also  simplifies  the  optical  interconnect  package  by  facilitating  the 
integration  of  the  optoelectronic  components  with  the  optical 
routing  and  beam  focusing  functions,  e.g.  by  the  use  of  diffractive 
optics  and  holographic  optical  elements.  As  an  example,  compact, 
reconfigurable  optical  routing  networks  have  been  previously  dem¬ 
onstrated  [1,  2].  These  networks  interconnect  many  electronic 
processing  modules  by  routing  their  data  simultaneously  through 
parallel  optical  channels,  using  monolithic  arrays  of  optoelectronic 
routing  switches  that  integrate  VCSELs  with  pin  photodetectors 
(PIN)  and  heterojunction  bipolar  transistors  (HBTS).  One  draw¬ 
back  of  this  monolithic  approach  is  that  the  epi  layers  of  the  p-i-n 
photodetector  also  serve  as  the  base-collector  junction  of  the 
HBT,  which  leads  to  a  non-optimum  design  that  compromises  the 
performance  of  both  the  PIN  and  the  HBT.  In  particular,  this  lim¬ 
its  both  the  modulation  bandwidth  and  the  responsivity  of  the 
photodetectors.  It  is  therefore  desirable  to  increase  the  responsiv¬ 
ity  of  the  detector  without  compromising  the  speed  of  the  HBTs. 
To  address  these  issues  a  resonant  cavity  is  used  to  enhance  the 
quantum  efficiency  of  the  detector.  To  keep  transit  times  short  the 
absorption  length  is  reduced  to  a  few  quantum  wells  and  the  car¬ 
rier  transit  time  is  dominated  by  the  thin  active  region  of  the 
VCSEL.  This  has  the  added  advantage  of  allowing  us  to  use  the 
same  epitaxial  growth  for  both  detectors  and  sources  in  our  opto¬ 
electronic  switch  arrays. 

An  improvement  of  the  quantum  efficiencies  of  thin  absorptive 
semiconductor  layers  was  proposed  and  demonstrated  [3]  by  plac¬ 
ing  the  thin  absorbing  layers  in  a  resonant  cavity  formed  by  highly 
reflective  mirrors.  Enhanced  absorption  has  been  demonstrated  by 
the  use  of  semiconductor  quarter  wave  stacks  [3],  metallic  layers 
[4]  and  dielectric  quarter  wave  stacks  [5]  as  the  mirrors  of  the  cav¬ 
ity.  By  modifying  the  reflectivities  of  the  distributed  Bragg  mirrors 
that  are  used  in  the  VCSEL  structure,  the  Q  of  the  resonance  cav¬ 
ity  can  be  reduced,  to  obtain  a  detector  that  has  very  high  absorp¬ 
tion  efficiency. 

In  this  Letter,  a  novel  approach  to  the  integration  of  the  optical 
source  and  photodetection  functions  is  demonstrated  by  the  use  of 
a  single  epitaxial  design  that  provides  optimum  performance  for  a 
VCSEL  and  a  resonance-enhanced  photodetector  (REPD).  In  this 
design  (Fig.  1),  the  VCSEL  and  REPD  share  a  common  multi- 
quantum-well  active  region,  but  are  embedded  within  different  res¬ 
onance  cavities  to  achieve  the  optimum  performance  for  both  the 
VCSEL  and  the  detector.  Since  the  optimum  VCSEL  performance 
requires  a  resonance  cavity  with  very  high  mirror  reflectivities  [6], 
whereas  the  optimum  performance  for  a  REPD  requires  a  cavity 
with  a  lower  reflectivity  [3],  the  use  of  a  single  design  compromises 
both.  In  this  new  design  the  cavity  of  the  REPD  is  embedded 


Pout 


Fig.  1  Epitaxial  structure  of  the  integrated  VCSEL  and  REPD.  The 
active  region  is  composed  of  three  80  A  InGaAs  quantum  wells.  It  is 
placed  between  two  distributed  Bragg  reflector  ( DBR )  mirrors.  The 
VCSEL  uses  all  24  mirror  pairs  of  the  top  DBR,  whereas  the  REPD 
uses  only  II 


realised  by  chemically  removing  some  of  the  AlAs/AlGaAs  quar¬ 
ter-wave  layers  from  the  top  DBR  mirror.  The  number  of  quarter- 
wave  layers  in  the  bottom  DBR  mirror  is  then  chosen  to  provide 
the  optimum  performance  for  the  VCSEL  and  the  REPD.  Here 
the  epilayer  design  is  optimised  for  a  top-surface-emitting  and  top- 
surface-absorbing  topology.  However,  by  using  strained 
InojGa^  8As  quantum  wells,  it  is  also  possible  to  design  a  structure 
in  which  light  can  be  emitted  or  absorbed  through  either  the  top 
or  bottom  surface,  thus  providing,  in  principle,  the  possibility  of  a 
bi-directional  optical  switch. 

The  epilayer  design  contains  a  one-wavelength-thick  active 
region  that  consists  of  three  80  A  thick  Ino^Ga^  gAs  quantum  wells 
separated  by  100A  thick  GaAs  barrier  layers,  which  are  bound  by 
two  compositionally  graded  Al^Ga,..^  cladding  layers,  with  x 
graded  from  0  to  0.47.  The  DBR  mirrors  are  composed  of 
Al015Ga0.85As/Al0.93Ga0.07As  quarter-wave  pairs  with  biparabolic 
graded  hetero-interfaces,  with  38.5  pairs  for  the  bottom  DBR  mir¬ 
ror  and  24  pairs  for  the  top  DBR  mirror.  All  the  layers  have  a 
doping  level  of  2  x  10l8cnr3,  except  for  a  GaAs  layer  in  the  top 
DBR  mirror  that  is  doped  at  1  x  1019cnr3.  This  provides  the  con¬ 
tact  layer  for  the  REPD  after  the  13  uppermost  mirror  pairs  are 
removed  from  the  top  DBR  thereby  leaving  11  quarter-wave  pairs 
for  the  top  DBR  mirror  of  the  detector.  A  half-wavelength  GaAs 
layer,  doped  to  1  x  10l9cm-3,  provides  the  top  contact  layer  for  the 
VCSEL. 

The  VCSEL  is  proton-implanted  at  370keV  with  a  dose  of  3  x 
1014cnr2  to  define  the  active  area  aperture.  After  implantation 
thirteen  of  the  top  quarter-wave  mirror  pairs  are  selectively 
removed  from  the  detector  regions  using  chemical  etchants  to 
remove  alternately  the  Al^Ga^As  and  Al0.93Ga0.07As  layers. 
Numerical  simulations  were  used  to  design  a  cavity  with  a  Q  that 
would  have  a  full-width  at  half-maximum  (FWHM)  of  2nm.  This 
design  yields  an  absorption  efficiency  ^4(k)  of  93%  (at  X  =  943 nm), 
with  a  cavity  of  1 1  DBR  pairs  in  the  top  mirror  and  38.5  DBR 
pairs  on  the  bottom  mirror.  Higher  absorption  efficiencies  can  be 
obtained,  but  at  the  cost  of  reducing  the  FWHM.  The  responsivity 
R(X)  of  the  detector,  is  given  by  A(X)r\je/hv,  where  >4(X.)  is  the 
absorption  efficiency,  hj  is  the  photon  energy,  and  *n,  is  the  inter¬ 
nal  quantum  efficiency  or  photoelectric  conversion  efficiency. 

The  reponsivity  of  the  detectors  is  measured  using  a  wavelength 
tunable  titanium-sapphire  laser  operating  in  the  CW  mode,  which 
produces  a  narrow  spectrum  with  a  FWHM  of  less  than  1  A,  see 
Fig.  2.  The  spectrum  of  the  source  is  verified  to  be  singlemode 
with  a  high  resolution  monochromator,  before  the  responsivity  is 
measured  at  each  wavelength.  The  photodetectors  exhibit  excellent 
performance  across  the  sample,  with  peak  responsivities  as  high  as 
0.65  A/ W  at  943.5 nm,  under  a  reverse  bias  of  3V,  and  with  a  cor¬ 
responding  external  quantum  efficiency  r\c  -  Tj,  j4(A),  of  ~85%.  The 
dark  current  is  0.3pA  at  -3V  and  the  reverse  breakdown  voltage  is 
12V.  From  the  measured  responsivity  the  external  quantum  effi- 


Fig.  2  External  quantum  efficiency  of  the  resonance-enhanced  photode¬ 
tector  (REPD)  against  wavelength .  The  measured  response  (solid  cir¬ 
cles)  shows  good  agreement  with  the  calculated  absorption  efficiency 
(broken  curve).  Also  shown  is  the  spectrum  of  the  singlemode  tunable 
Ti: sapphire  source  with  a  FWHM  of  l  A  (solid  curve) 

this  value  against  the  various  measured  wavelengths,  as  in  Fig.  2, 
yields  the  detector’s  measured  spectral  response.  The  FWHM  of 
the  resonance-enhanced  photo-detector  is  found  to  be  ~  20A, 
which  is  in  very  good  agreement  with  the  designed  value.  The 
VCSELs  demonstrate  very  good  DC  operating  characteristics. 
Devices  with  active  area  diameters  varying  from  8  pm  to  16pm  (see 
Fig.  3)  exhibit  threshold  currents  in  the  1.5  -  2.5mA  range,  differ¬ 
ential  quantum  efficiencies  of  20  -  50%,  maximum  output  powers 
of  1.2  -  3.5mW,  and  threshold  current  densities  as  low  as  850 A/ 


Fig.  3  Typical  light-current  characteristics  of  the  ln():Gan^As  VCSELs 
with  different  active  area  diameters 

- 8pm 

. 12pm 

- 16pm 


cm2.  Although  these  VCSELs  were  designed  for  low  threshold 
rather  than  high  output  power,  their  output  levels  are  comparable 
to  those  of  conventional  VCSELs.  The  devices  exhibited  higher 
operating  voltages  (-3.5  V)  than  expected  as  a  result  of  the  unin¬ 
tended  low  doping  level  in  a  few  of  the  p-side  DBR  layers. 

In  conclusion,  we  have  demonstrated  successful  monolithic  inte¬ 
gration  of  a  resonance-enhanced  photodetector  with  a  vertical- 
cavity  surface-emitting  laser  on  the  same  substrate  and  using  the 
same  epilayer  design.  Photodetectors  with  external  quantum  effi¬ 
ciencies  of  85%  have  been  achieved  without  sacrificing  the  per¬ 
formance  of  the  VCSELs.  This  simple  two-dimensional  array  of 
sources  and  photodetectors  can  thus  be  easily  integrated  into  high- 
density,  parallel,  optoelectronic  interconnect  applications. 


Acknowledgments:  The  work  at  UNM  was  supported  by  AFOSR 
and  the  DARPA/ETO  Optoelectronics  program.  The  work  per¬ 
formed  at  Sandia  was  supported  by  DOE  contract  DE-AC04- 
76DP00789.  The  authors  would  like  to  thank  S.  Luong  for  his 
assistance  in  device  fabrication.  G.G.  Ortiz  acknowledges  the  sup¬ 
port  of  the  NASA/JPL  MSEIO  doctoral  fellowship  programme. 


©  IEE  1996  21  March  1996 

Electronics  Letters  Online  No:  19960782 


G. G.  Ortiz,  C.P.  Hains  and  J.  Cheng  (University  of  New  Mexico, 
Center  for  High  Technology  Materials,  EECE  Building,  Room  125, 
Albuquerque,  NM  87131,  USA) 

H. Q.  Hou  and  J.C.  Zolper  (Sandia  National  Laboratory.  Albuquerque . 
NM  87185,  USA) 


References 

1  ALDUINO.  A.C.,  ORTIZ.  G.G.,  HAINS.  C.,  LU.  B„  SCHNEIDER.  R.P., 
klem.j.,  and  zolper.  J.C.:  ‘500  multifunctional  binary  optical 
switching  fabric'.  Electron.  Lett.,  1995,  31,  (18),  pp.  1570-1571 

2  lu.  b.,  lu.  y.c.,  alduino.  A.c.,  Ortiz.  G.G.,  and  cheng.  J.:  ‘Optically- 
cascaded,  multi-stage  switching  operation  of  a  multifunctional 
binary  optical/optoelectronic  switch',  IEEE  Photonics  Technol. 
Lett.,  1995,  7,  (12),  pp.  1427-1429 

3  chin,  a.,  and  chang.  t.y.:  ‘Multilayer  reflectors  by  molecular-beam 
epitaxy  for  resonance  enhanced  absorption  in  thin  high-speed 
detectors’,  J.  Vac.  Sci.  Technol.  B,  1990,  8,  (2),  pp.  339-342 

4  dodabalapur,  a.,  and  chang.  T.Y.:  ‘Resonant-cavity  InGaAlAs/ 
InGaAs/lnAlAs  phototransistors  with  high  gain  for  1. 3-1.6  pm\ 
Appl.  Phys.  Lett.,  1992,  60,  (8),  pp.  929-931 

5  hunt,  n.e.j.,  SCHUBERT.  E.F.,  and  zydzik.gj.:  ‘Resonant-cavity 
p-i-n  photodetector  utilizing  an  electron-beam  evaporated  Si/Si02 
microcavity’,  Appl.  Phys.  Lett.,  1993,  63,  (3),  pp.  391-393 

6  ZHOU.  P.,  CHENG.  J.,  SCHAUS.  C.F.,  SUN.  S.Z.,  ZHENG,  K.,  ARMORE.  E., 
hains.  c.,  hsin.  w.,  myers,  d.r.,  and  vawter.  g.a.:  ‘Low  series 
resistance  high  efficiency  GaAs/AlGaAs  vertical-cavity  surface- 
emitting  lasers  with  continuously-graded  mirrors  grown  by 
MOCVD\  IEEE  Photonics  Technol.  Lett.,  1991, 3,  (7),  pp.  591-593 


642 


IEEE  PHOTONICS  TECHNOLOGY  LETTERS,  VOL.  10,  NO.  5,  MAY  1998 
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Abstract —  Monolithic  arrays  of  wavelength-graded  ver¬ 
tical-cavity  surface-emitting  lasers  (VCSEL’s)  and  resonance- 
enhanced  photodetectors  (PD’s)  have  been  realized  with 
the  same  epilayer  structure  usin^  ,  :  opography-controlled 

enhancement  and  reduction  of  the  metal^rt t^nic  chemical  vapor 
deposition  (MOCVD)  growth  rate  onna  patterned  substrate. 
The  repeatability  of  this  technique  was  demonstrated  by  using 
different  VfeSEL  and  resonance-enhanced  photodetector  (REPD) 
arrays  from  the  same  wafer. 

Index  Terms — Integrated  optoelectronics,  semiconductor  laser 
arrays,  optical  array,  optical  communication,  optical  interconnec¬ 
tions,  optoelectronic  devices,  photodetectors,  wavelength-division 
multiplexing. 

MONOLITHIC  arrays  of  graded  multiple-wavelength  op¬ 
tical  sources  and  wavelength-selective  photodetectors 
are  useful  for  wavelength-division-multiplexed  (WDM)  optical 
interconnect  applications.  Used  together,  these  arrays  can 
minimi 7/*.  optical  crosstalk  between  neighboring  channels  in 
a  parallel  free-space  optical  interconnect  by  rejecting  the  light 
from  neighboring  wavelength-differentiated  channels.  Alterna¬ 
tively,  different  channels  can  be  wavelength-multiplexed  on  a 
single  fiber  to  enhance  the  data  throughput,  while  the  transmit¬ 
ted  data  is  fanned  out  to  different  receivers  and  demultiplexed 
using  wavelength-selective  photodetectors.  To  achieve  these 
ends,  a  method  is  needed  to  achieve  wavelength-graded  arrays 
of  optical  sources  and  wavelength-selective  photodetectors  in 
a  controllable  and  reproducible  inaiinm«|a 

Although  multiwaveleagth  vemca||^  rrf ace-emitting 

laser  (VCSEL)  arrays  can  be  achieved* By*vaifsing  the  thickness 
of  only  the  active  layer  [l]-[3],  these  resisted  in  varying  mirror 
losses  and  nonuniform  device  characteristics.  We  have  previ¬ 
ously  shown  [4]  that  lower  loss  dispersion)  jind  greater  device 
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uniformity  can  be  obtained  by  using  a  wavelength-grading 
scheme  that  scales  the  thickness  of  all  the  epilayers  within 
the  resonance  structure.  This  was  achieved  by  controlling  the 
epitaxial  growth  rate  of  all  the  epilayers  on  a  topographically 
patterned  substrate,  which  resulted  in  the  repeatable,  periodic 
grading  of  the  resonance  wavelength  over  a  span  of  ~30  nm 

[4] ,  The  appeal  of  this  approach  also  lies  in  the  fact  that 
it  is  a  single-growth  process  that  requires  little  additional 
processing.  In  this  letter,  we  show  that  wavelength-graded 
arrays  of  wavelength-selective  resonance-enhanced  photode¬ 
tectors  (REPD’s)  can  also  be  achieved  in  a  similar  maimer. 
The  repeatability  of  this  technique  is  demonstrated  by  using 
different  arrays  of  VCSEL’ s  and  REPD’s  from  the  same  wafer. 
Using  an  embedded  resonance-cavity  structure  as  described  in 

[5] ,  the  multiwavelength  VCSEL  and  REPD  arrays  can  be 
monolithically  integrated  on  the  same  epilayer  structure  to 
achieve  closer  wavelength  matching  between  individual  source 
and  detector  elements. 

As  described  in  [4],  controlled  wavelength-grading  is 
achieved  by  using  the  surface  topography  on  a  patterned 
substrate  to  modify  the  local  flow  and  transport  of  tbe  reactant 
species  during  epitaxial  growth  by  metal-organic  chemical 
vapor  deposition  (MOCVD).  By  taking  advantage  of  the 
concentration  gradients  produced  by  the  local  accumulation 
and  reduction  of  the  reactant  species  over  ridges  and  within 
channels,  respectively,  we  can  alternately  enhance  or  reduce 
the  growth  rate  of  all  the  epilayers  in  a  controllable  manner 

[6],  [7].  The  growth  rate,  and  thus  the  resonance  wavelength 
of  the  resulting  VCSEL,  have  been  found  to  depend  on  the 
width,  depth,  spacing,  duty  factor  (DF)  and  aspect  ratio  of  the 
surface  features.  By  controlling  these  parameters,  and  using 
both  the  growth  rate  enhancement  and  reduction  regimes,  the 
emission  spectra  of  a  VCSEL  array  can  be  varied  over  a 
wider  range  of  wavelengths  [4]. 

Wavelength-graded  REPD  arrays  can  be  achieved  using  the 
same  growth  techniques  and  the  same  epilayer  structure  as  the 
VCSEL.  In  this  integrated  epilayer  design  [5],  the  VCSEL  and 
the  REPD  share  a  common  active  region,  which  is  embedded 
within  different  resonance  cavities  that  are  designed  to  achieve 
optimum  performance  for  the  VCSEL  and  the  photodetector, 
respectively.  The  weaker  resonance  cavity  of  the  REPD  is 
embedded  within  the  stronger  resonance  cavity  of  the  VCSEL, 
both  of  which  share  the  same  active  region  and  the  same  high- 
reflectivity  lower  distributed  Bragg  reflector  (DBR)  mirror,  but 
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differ  in  the  number  (N)  of  DBR  pairs  in  their  upper  mirrors. 

The  REPD’s  are  realized  by  chemically  removing  some  of 
the  DBR  pairs  from  the  upper  mirror  in  selected  areas  of  the 
wafer  [5],  thus  decreasing  the  Q  of  the  cavity  and  increasing 
the  width  of  its  resonance  and  its  photoresponse.  The  optimum 
number  (N  =  10)  is  chosen  to  achieve  optimum  absorption 
efficiency  for  the  REPD  in  a  top-surface-emitting  (absorbing) 

geometry  [5].  ? 

To  achieve  wavelength-grading  of  the  REPD  s  and  VC- 
SEL’s,  a  patterned  GaAs  substrate  containing  arrays  of  pho- 
tolithographically  defined  ridges  and  channels  was  chemically 
etched  to  a  depth  of  ~5  /un  along  the  (Oil)  direction.  Each 
array  contains  a  pattern  of  ridges  and  channels  with  varying 
widths  ( w  and  p-w,  respectively),  but  with  a  constant  spatial 
period  (p  =  250  /xm).  The  spatial  duty  factor,  defined  asDF- 
1  —  tu/p  for  the  ridges,  and  DF  =  —[1  -  (p  —  tu)/p](<0)  for 
the  channels,  is  therefore  variable  within  each  array.  Following 
surface  preparation  steps  to  remove  any  oxide,  a  standard 
(nominally  843  nm)  AlGaAs-GaAs  VCSEL  structure  is  grown 
by  low-pressure  MOCVD  on  a  rotating  substrate  (~100  rpm). 

The  growth  is  carried  out  at  725  °C,  with  a  pressure  of  60 
tore,  a  V/m  ratio  of  ~100,  and  a  growth  rate  of  ~8  A/s.  The 
active  region  cjjkcists  of  a  graded-index,  separate-confinement- 
heterostrucdSI  (GRINSCH)  containing  four  80-A-thick  GaAs 
quantum  wells  separated  by  100-A-thick  Alo.i6Gao.84 As  bar¬ 
rier  layers,  which  is  sandwiched  between  a  25-pair,  p-doped 
DBR  on  the  top  and  a  38.5-pair,  n-doped  DBR  on  the  bottom. 
The  DBR’s  consist  of  Alo.1sGao.s5As-Alo.93Gao.07As  layers 
that  are  doped  to  a  level  of  1  x  1018/cm3,  except  for  a  single 
pair  of  Alo.10Gao.90As-Alo.93Gao.07As  layers  in  the  upper 

DBR  that  is  doped  to  1  x  1019/cm3,  which  serves  as  the 
contact  layer  for  the  REPD.  The  VCSEL  array  is  fabricated 
1King  standard  proton-implant-isolation  techniques,  while  the 
REPD  array  is  obtained  by  selectively  removing  15  upper  DBR 
mirror  pairs  from  the  VCSEL  epi-structure  in  selected  areas 

of  the  wafer. 

Fig.  1  shows  the  responsivity  of  four  REPD’s  wife  a  wave¬ 
length  span  of  ~20  nm,  corresponding  to  different  values  of 
DF.  The  degree  of  growth  rate  enhancement  (+)  or  reduction 
(-)  feat  is  needed  to  achieve  these  special  shifts  (relative 
to  fee  843-nm  planar  reference),  i.e.,  fee  growth  rate  scaling 
factors  S  (in  %),  are  also  shown.  Numerical  simulations  have 
shown  feat  a  wavelength  span  of  30  nm  can  be  achieved  by 
g  ~  ±  1.5%  relative  to  fee  planar  growth  rate  for  a  843- 
nm  VCSEL.  The  duty  factor  for  these  devices  ranges  from 
-0.26  (S  =  -1.0%)  to  0.68  (S  =  +2.0%).  The  peaks  are 
spaced  ~8  nm  apart  and  show  good  spectral  isolation  between 
fee  four  wavelength  channels  (>12-15  dB  when  wavelength- 
matched  VCSEL’ s  are  used  for  sources).  All  fee  responsivity 
spectra  exhibit  a  full-width  at  half-maximum  (FWHM)  of 
4  nm,  while  fee  peak  responsivity  varies  from  0.32  A/W  to 
0.49  A/W  between  devices  (absorption  efficiency  between 
47%  and  73%).  A  photograph  of  fee  monolithic  REPD  arrays 

is  shown  in  fee  inset  of  Fig.  1. 

The  reduced  responsivity  and  its  device-to-device  variations 
are  due  to  fee  dependence  of  fee  absorption  efficiency  riaM 
on  fee  absorption  coefficient  a(A),  which  varies  wife  fee 
resonance  wavelength  A  of  each  device.  For  N  —  10,  fee 


Fie.  1.  Responsivity  spectra  of  four  devices  from  a  monolithic  multi* 
leneth  REPD  array  corresponding  to  different  values  of  the  spatial  duty  Ji 
DF.  The  scaling  factor  (in  parenthesis)  denotes  the  amount  of  growt 
enhancement  (+%)  or  reduction  (-%)  needed  to  achieve  die  desired  ! 
shift  from  843  nm  (reference  wavelength)  for  each  device. 
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calculated  efficiency  r\a  decreases  wife  a(A)  across  tire  wave¬ 
length  span  of  the  REPD  array,  within  which  a  varies  from 
1  0  x  104  cm-1  to  2.5  x  104  cm-1  (fee  latter  at  fee  excitomc 
absorption  peaks,  850  and  8J(  nm).  The  calculated  efficiency 

( 


isorpuuu  ram  — '  , 

,~60%-75%)  changes  slowWki  h  wavelength  except  near  the 

exciton  peaks,  where  it’d^TO  <D%-45%.  The  measurements 
are  in  good  accord  wife  fee  calculated  efficiency. 

Fig  2  shows  fee  resonance  Wavelengths  of  five  different 
wavelength-graded  REPD  arrays  from  different  areas  of  the 
same  wafer  as  a  function  of  DF,  including  devices  from 
both  fee  ridge  (growth  enhancement)  and  channel  (growth 
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Fig.  3.  The  lasing  wavelength  for  VCSEL’s  from  five  monolithic,  multi- 
wavelength  arrays  (photograph  in  inset)  grown  on  different  areas  of  a  single 
wafer  as  a  function  of  spatial  duty  factor,  demonstrating  die  repeatability  of  the 
controlled  wavelength  variations.  Notice  the  greater  regularity  of  the  VCSEL 
arrays  (12-/im  active  area),  except  on  very  narrow  ridges  (large  DF). 

reduction)  regions  in  each  array.  The  results  demonstrate  the 
repeatability  of  the  wavelength  variation  from  array  to  array, 
each  spanning  a  spectral  range  of  ~20-25  nm.  For  each  value 
of  DF,  some  interarray  wavelength  variations  can  be  observed. 
These  are  partly  caused  by  the  difficulty  of  positioning  the 
laige-area  REPD’s  within  the  (narrower)  ridges  and  channels, 
and  by  residual  nonuniformities  in  the  growth  rate. 

Monolithic  arrays  of  wavelength-graded,  proton-implant- 
confined  VCSEL’s  corresponding  to  different  values  of  DF 
have  also  been  realized  on  the  same  wafer  by  utilizing  the 
full  resonance  structure.  The  room-temperature  pulsed  lasing 
spectra  of  these  devices  show  a  wavelength  span  of  ~25 
nm,  a  sidemode-suppression  ratio  (SMSR)  of  >20  dB  and 
a  FWHM  of  ~2  A.  These  VCSEL  arrays  also  demonstrated 
good  continuous-wave  (CW)  lasing  characteristics  over  a 
wavelength  span  of  «20  nm,  with  uniform  threshold  currents 
of  5.5  ±0.5  mA  and  output  powers  of  ~0.5  mW  for  all 
devices  [4].  Fig.  3  plots  the  lasing  wavelengths  of  five  different 
arrays  from  the  same  wafer  as  a  function  of  spatial  DF,  again 
demonstrating  the  repeatability  of  this  wavelength-grading 
technique.  The  VCSEL  arrays  achieved  greater  uniformity 
than  the  REPD  arrays  due  to  the  smaller  dimensions  of  the 
VCSEL’s  active  area.  The  data  suggests  that  a  wavelength 
variation  of  <2  nm  can  be  achieved  for  DF  <0.7.  The  linear 
dependence  of  wavelength  on  DF  allows  design  flexibility  in 
choosing  sources  for  both  dense  or  coarse  WDM  systems.  The 
inset  in  Fig.  3  shows  a  photograph  of  multiwavelength  VCSEL 
arrays  that  are  grown  on  ridges  with  varying  width. 

These  VCSEL  and  REPD  arrays  were  taken  from  different 
areas  of  the  wafer  (wavelength  variations  <2%),  which  ac¬ 
counts  for  the  (~8  nm)  shift  in  their  respective*  wavelength 


Fig.  4.  The  measured  responsivity  (in  AAV)  and  CW  lasing  spectra  of  four 
elements  from  two  REPD  and  VCSEL  arrays  that  are  in  close  proximity  to 
each  other. 

grading  range.  Closer  wavelength  matching  can  be  achieved 
by  placing  the  VCSEL’s  in  closer  proximity  to  the  REPD’s. 
Fig.  4  plots  the  measured  responsivity  spectra  of  four  REPD’s 
and  the  emission  spectra  of  four  corresponding  VCSEL’s  in 
two  neighboring  wavelength-graded  arrays,  which  shows  that 
their  wavelengths  track  each  other  over  a  spectral  range  of 
~13  nm. 

In  conclusion,  a  simple  single-growth  technique  for  obtain¬ 
ing  both  wavelength-graded  VCSEL  and  wavelength-selective 
REPD  arrays  have  been  demonstrated.  The  arrays  produced  by 
the  use  of  this  technique  can  achieve  improved  wavelength¬ 
matching,  which  is  useful  for  WDM  and  demultiplexing  in  a 
WDM  optical  interconnect  system. 
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Abstract —  Monolithic,  multiple-wavelength  vertical-cavity 
surface-emitting  laser  (VCSEL)  arrays  have  been  obtained 
by  the  surface-controlled  enhancement  and  reduction  of  the 
MOCVD  epitaxial  growth  rate,  achieving  a  periodic,  graded 
wavelength  span  greater  than  30  nm.  Room-temperature 
(RT),  electrically  pumped  continuous-wave  (CW)  lasing  is 
demonstrated,  with  uniform  threshold  currents  of  5.5  ±  OS 
mA  with  typical  output  powers  of  0.5  mW.  We  show  here  for 
the  first  time  both  the  enhancement  and  the  reduction  of  the 
growth  rate  of  the  entire  VCSEL  structure  and  demonstrate 
the  controlled  variation  of  the  VCSEL  lasing  wavelength  over  a 
widened  spectral  range  by  exploiting  both  effects. 

Index  Terms —  Monolithic,  multiple-wavelength  lasers,  pat¬ 
terned  MOCVD  growth,  surface-emitting  lasers,  wavelength 
division  multiplexing. 

MULTIPLE-WAVELENGTH  vertical-cavity  surface- 
emitting  laser  (VCSEL)  and  photodetector  arrays  are 
useful  for  wavelength-multiplexed  fiber-optic  networks  and  for 
optical  crosstalk  isolation  in  parallel  ffee-space  interconnects. 
Multiple-wavelength  VCSEL  arrays  have  been  obtained  by 
varying  the  thickness  of  the  Fabry-Perot  cavity  [1H3]  or 
by  controlling  the  wavelength  through  nonplanar  growth 
[4].  Significant  effort  has  been  demonstrated  in  employing 
techniques  that  vary  the  cavity  thickness  such  as  using  thermal 
gradients  during  growth  of  a  spacer  layer  [1],  by  in  situ 
masking  during  molecular  beam  epitaxy  (MBE)  growth  [2], 
and  through  anodic  oxidation  and  selective  etching  [3]. 

In  this  letter,  we  have  investigated  a  technique  that  varies 
both  the  thickness  of  the  cavity  as  well  as  the  thickness  of 
the  epilayers  of  the  VCSEL’ s  distributed  Bragg  reflectors 
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(DBR’s).  The  cavity  loss  of  the  VCSEL  varies  as  a  function  of 
wavelength  due  to  the  wavelength  dependence  of  the  DBR’s 
reflectivity.  A  variation  in  cavity  loss  of  13%  across  a  30-nm 
range  (centered  at  850  nm)  has  been  estimated  for  VCSEL’s 
where  the  thickness  of  each  layer  of  the  DBR’s  is  scaled 
by  the  same  percentage  as  the  cavity  thickness  is  changed. 
This  compares  to  a  35%  variation  in  cavity  loss  for  the  case 
where  only  the  cavity  thickness  is  changed  and  the  VCSEL 
DBR’s  are  common  to  all  devices.  Because  this  variation  in 
cavity  loss  translates  into  a  nonuniform  threshold  gain  [2] 
across  the  wavelength  range,  we  have  the  potential  of  realizing 
arrays  with  very  uniform  device  characteristics,  by  scaling  the 
thickness  of  all  the  epilayers  in  the  VCSEL  structure.  We  show 
here  for  the  first  time  both  the  enhancement  and  the  reduction 
of  the  growth  rate  of  the  entire  VCSEL  epilayer  structure  on  a 
topographically  patterned  substrate.  And,  by  exploiting  these 
effects,  we  demonstrate  the  controlled  variation  of  the  lasing 
wavelengths  of  a  VCSEL  array  over  an  extended  spectral  range 
with  uniform  device  characteristics. 

The  principle  behind  this  technique  is  based  on  the  fact  that 
in  metal  organic  chemical  vapor  deposition  (MOCVD),  the 
growth  rate  on  an  etched  surface  differs  from  that  on  a  planar 
substrate  [5],  The  flow  and  transport  of  the  reactant  species 
are  modified  by  the  surface  topography,  thus  producing  local 
variations  in  the  reactant  concentrations  and  the  growth  rate. 
The  rate  is  enhanced  above  a  ridge,  and  is  reduced  within  a 
channel  relative  to  the  nominal  growth  rate  on  a  large  planar 
area.  In  each  case  the  growth  rate  has  been  found  to  be 
dependent  on  the  width  of  the  features,  the  etch  depth  and 
the  spacing  between  features  [5],  [6].  By  taking  advantage  of 
the  concentration  gradients  produced  by  the  local  accumulation 
and  reduction  of  the  reactant  species  over  ridges  and  within 
channels,  respectively,  we  are  able  to  vary  the  growth  rate 
of  the  VCSEL  epilayer  structure  in  a  controllable  manner, 
and  have  fabricated  multiple-wavelength  VCSEL  arrays  with 
a  wide  range  of  lasing  wavelengths. 

These  concepts  are  schematically  illustrated  in  Fig.  1.  The 
enhanced  growth  rate  above  the  ridges  produces  a  thicker 
VCSEL  structure  with  a  longer  resonance  cavity  and  therefore 
a  longer  lasing  wavelength.  Within  the  etched  channels  the 
opposite  effect  occurs,  with  a  reduced  growth  rate  producing 
a  thinner  resonance  structure  and  a  shorter  lasing  wavelength. 
For  this  work,  patterned  GaAs  substrates  containing  arrays 
of  ridges  and  channels  were  prepared  using  standard  contact 


1041-1 135/97$10.00  ©  1997  IEEE 


1070 


IEEE  PHOTONICS  TECHNOLOGY  LETTERS,  VOL.  9,  NO.  g,  AUGUST  1997 


Yirublc  wkbt  VCSEL  growth  me 

etched  features  epi-l*yerc  enhancement 

/  s  v  TV  region  (ridges) 


Fig.  1.  Schematic  showing  the  effect  of  growth  rate  enhancement  and 
reduction  on  a  patterned  substrate.  The  thickness  of  all  the  epilayers  of  the 
VCSEL  structure  scale  with  the  growth  rate,  which  depends  on  the  feature 
width,  etch  depth  and  spacing  between  features. 
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Fig.  2.  Emission  wavelength  versus  spatial  duty  factor  demonstrating  wave¬ 
length  grading  in  both  the  enhanced  and  reduced  growth  rate  regimes  (ridges 
and  channels). 

lithography  and  chemical  etching.  Each  array  contains  ridges 
and  channels  with  varying  widths  (w  and  p—w,  respectively), 
but  with  a  constant  spatial  period  (p  =  250  /xm).  We  define 
a  spatial  duty  factor  for  the  patterns  of  the  two  regions 
as  DF  =  1  —w/p  for  the  ridges  and  DF  =  —(1  — (p  - 
w)/p)  (<0)  for  the  channels.  The  pattern  defined  by  lithog¬ 
raphy  therefore  contains  ridges  and  channels  with  varying 
spatial  duty-factor.  Following  standard  surface  preparation 
steps  to  reduce  surface  oxidation  and  to  improve  the  quality 
of  growth,  an  AlGaAs— GaAs  VCSEIfl  structure  is  grown  by 
low-pressure  MOCVD  on  a  rotating  substrate.  This  structure 
contains  a  graded-index  separate-confijement-heterostructure 
multiple-quantum-well  (GRIN-SCH-MQW)  active  region  with 
four  12-nm  quantum  wells  (Q^’s)  and|  0-nm  spacers,  which 
is  sandwiched  between  a  25-pai/,  on  the  top  and 

a  38.5-pair,  n-doped  DBR  on  the  bottom.  All  the  heterointer¬ 
faces  in  each  DBR  have  linearly  gmifled  AlGaAs  compositions, 
and  the  doping  concentration  of  ]Qhe  DBR  layers  are  also 
graded,  from  5  x  1017  cm~3  near  the  active  region  to  2  x 
1018  cm~3  away  from  the  active  region. 

The  dependence  of  the  Fabry-Perot  cavity  resonance  on 
spatial  duty  factor  was  investigated  by  optically  pumping  both 
the  ridges  (growth  rate  enhancement  region)  and  the  chan¬ 
nels  (growth  rate  reduction  region)  using  a  spatially  resolved 
beam  from  a  TnSapphire  laser  operating  below  the  VCSEL 


Current  (mA) 

Fig.  3.  Typical  light  versus  ament  (L-7)  and  ament  versus  voltage  (/-V) 
characteristics  under  room  temperature  CW  operation  for  implant-confined 
VCSEL’ s  in  a  monolithic  multiple-wavelength  array. 

reflectance  stopband.  The  open  symbols  in  Fig.  2  indicate 
the  emission  wavelength  of  the  optically  pumped  devices, 
showing  that  the  cavity  mode  can  be  controllably  varied  over 
^■|wav^l1h  range  greater  than  30  nm.  These  results  show 
m^aMost  linear  relationship  between  the  wavelength  and  the 
spatial  duty  factor.  The  uneven  spacing  of  wavelengths  with 
respect  to  the  duty  factor  is  caused  by  our  particular  mask 
design.  However,  we  can  exercise  design  control  over  the 
spacing  between  wavelengths  by  taking  advantage  of  the  linear 
dependence  of  the  wavelength  on  spatial  duty  factor  (DF).  For 
example,  a  mask  design  containing  the  appropriate  values  of 
DF  can  be  chosen  to  achieve  an  evenly  spaced  wavelength 
distribution.  Also,  by  designing  our  mask  to  have  a  tight  spread 
in  duty  factor,  we  can  obtain  very  small  wavelength  spacing 
between  our  devices  (dense  WDM),  as  seen  in  the  depletion 
region  of  Fig.  2.  Alternatively,  we  may  design  our  mask 
to  have  a  larger  spread  in  DF  to  achieve  larger  wavelength 
spacing  (coarse  WDM),  as  seen  in  the  enhancement  region  of 
Fig.  2. 

The  epilayer  quality  and  device  performance  of  the  epitaxial 
material  regrown  on  the  topographically  patterned  substrate  are 
comparable  to  those  obtained  from  a  control  sample  that  was 
grown  sequentially  on  a  planar  epiready  wafer.  Top  surface- 
emitting,  proton  implant-confined  VCSEL’s  with  12- pm  di¬ 
ameter  active  regions  and  10- pm  diameter  optical  apertures 
were  fabricated  in  both  the  $dge  and  channel  regions  simulta¬ 
neously.  The  typical  room-tifmperature  (RT)  continuous-wave 
(CW)  characteristics  of  the  devices  are  shown  in  Fig.  3.  All 
devices  have  uniform  threshold  currents  (5.5  ±  0.5  mA)  and 
threshold  voltages  (4  V).  The  high  voltage  was  caused  by  the 
unexpected  low  p-doping  in  the  top  DBR  layers,  which  was 
also  observed  in  the  planar  control  wafer.  The  peak  output 
powers  were  typically  0.5  mW  and  decreased  to  0.2  mW 
at  the  short-wavelength  edge  of  the  lasing  range  due  to  the 
misalignment  between  the  cavity  mode  and  the  gain  peak. 
The  uniformity  of  the  device  characteristics  can  be  further 
improved  by  broadening  the  optical  gain  spectrum  through 
the  use  of  nonuniform  quantum  wells  with  different  thickness 
or  compositions  [2],  [7]. 
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enhanced  and  reduced  growth  rate  regimes. 


Rg75.  Electron  micrograph  of  the  VCSEL  structure  epitaxially  grown  over 
a  very  narrow  etched  ridge  on  a  GaAs  surface,  showing  clear  definition  of  all 
die  epilayers  and  good  quality  of  growth. 


The  CW  lasing  spectra  of  several  electrically  pumped  de¬ 
vices  corresponding  to  different  spatial  duty  factors  are  shown 
in  Fig.  4,  and  the  lasing  wavelengths  for  all  devices  are  plotted 
in  Fig.  2  for  comparison  with  the  optically  pumped  results. 


The  lasing  wavelength  of  each  VCSEL  was  measured  by 
keeping  the  operating  bias  power,  and  therefore  the  internal 
self-heating,  constant  at  approximately  33.5  mW.  An  FT 
CW  lasing  span  of  over  20  nm  is  demonstrated  with  a  side 
mode  suppression  ratio  greater  than  30  dB  for  all  VCSEL’ s. 
Due  to  limitations  in  the  device  processing  mask  design, 
we  were  unable  to  fabricate  devices  over  the  entire  range 
of  wavelengths,  and  therefore  only  a  reduced  lasing  span  is 
demonstrated  by  the  electrically  pumped  VCSEL’ s  (Fig.  2). 
However,  all  devices  are  expected  to  lase,  as  shown  by  die 
optical  pumping  experiments  and  by  the  quality  of  the  epilayer 
structure  that  is  grown  on  ridges  that  are  even  less  than  1  /i m 
in  width  (Fig.  5).  Although  wavelength  grading  was  previously 
demonstrated  using  only  the  growth  rate  enhancement  regime 
[4],  our  data  indicates  that  a  greater  wavelength  range  can 
be  achieved  by  also  utilizing  regrowth  within  the  channels 
(growth  rate  reduction  regime). 

In  conclusion,  we  have  demonstrated  a  novel  technique  for 
obtaining  a  monolithic  multiple-wavelength  VCSEL  array  that 
is  simple  to  produce  and  allows  much  flexibility  in  wavelength 
control.  The  arrays  from  this  work  achieved  RT  CW  lasing 
with  a  wavelength  span  greater  than  20  nm  by  electrical- 
injection  and  greater  than  30  nm  by  optical  pumping,  with 
uniform  device  characteristics. 
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Abstract —  A  novel  wavelength-division-multiplexed  optical 
interconnect  is  demonstrated  in  which  optical  data  from  a 
monolithic  wavelength-chirped  VCSEL  array  is  multiplexed 
onto  a  single  fiber,  and  then  demultiplexed  using  an  array  of 
wavelength-selective  resonance-enhanced  photodetectors  with 
closely  matched  resonance  wavelengths.  Tliis  is  demonstrated 
under  both  dc  and  125-Mb/s  data  modulation,  achieving  an 
optical  crosstalk  rejection  ratio  of  10  dB  (-7J  dB)  for 
channels  that  are  spaced  6  nm  (4  nm)  apart 

Index  Terms —  Monolithic  VCSEL  arrays,  multiwavelength 
sources,  optical  interconnects,  resonant  enhanced  photodetectors, 
wavelength-division  multiplexing. 

MONOLITHIC  arrays  of  wavelength-graded  vertical- 
cavity  surface-emitting  lasers  (VCSEL’ s)  and 
wavelength-selective  resonance-enhanced  photodetectors 
(REPD’s)  are  useful  for  a  variety  of  wavelength  division 
multiplexing  (WDM)  applications  in  local  area  optical 
interconnects.  Multiple  channels  of  wavelength-encoded 
data  can  be  multiplexed  together  and  transmitted  in  parallel 
through  a  single  optical  fiber  to  enhance  the  data  throughput. 
Demultiplexing  can  be  achieved  by  using  a  passive  wavelength 
demultiplexer,  such  as  a  grating,  or  by  fanning  out  the  optical 
signal  to  different  nodes,  each  containing  a  wavelength- 
selective  photodetector  with  a  different  wavelength  passband, 
as  shown  in  Fig,  1(a).  Multiple  wavelength  VCSEL  and 
REPD  arrays  can  also  be  used  to  minimize  optical  crosstalk 
between  neighboring  channels  in  a  parallel  free-space  optical 
interconnect.  In  both  cases,  a  highly  selective  wavelength 
response  is  needed  to  minimize  the  optical  crosstalk  between 
neighboring  channels. 

We  describe  below  an  experimental  demonstration  of  a  fiber- 
based  “broadcast  and  select”  WDM  interconnect  technology 
using  an  array  of  wavelength-graded  VCSEL’ s  [1]  and  an  array 
of  wavelength-selective  REPD’s  [2]  with  matching  wave¬ 
lengths.  The  REPD’s  are  multiquantum  well  absorbers  that  are 
embedded  within  a  resonant  cavity,  which  selectively  absorbs 
light  that  lies  within  its  narrow  wavelength  passband.  The 
wavelength  selectivity  of  an  REPD,  or  equivalently  the  optical 
crosstalk  between  adjacent  WDM  channels,  depends  upon  the 
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Fig.  1.  (a)  Schematic  of  the  WDM  interconnect  architecture  and  experi¬ 
mental  configuration,  (b)  Responsivity  spectra  of  four  wavelength-selective 
REPD’s,  and  the  normalized  lasing  spectra  of  four  VCSEL’ s  with  closely 
matching  resonance  wavelengths,  from  two  monolithic,  multi  wavelength 
source,  and  photodetector  arrays. 

spectral  width  of  the  resonant  absorption.  The  narrower  its 
spectral  response,  the  larger  the  number  of  closely  spaced 
wavelength  channels  that  may  be  multiplexed. 
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Kg.  2.  Normalized  dc  photoresponse  of  seven  REPD’s  to  the  optical  inputs 
from  seven  wavelength-matching  VCSEL’s,  showing  die  optical  crosstalk 
levels  for  wavelength  channels  with  different  spacing. 


We  have  previously  demonstrated  a  technique  for  realizing 
wavelength-graded  VCSEL  and  REPD  arrays  on  the  same 
epilayer  structure,  [3]  which  allows  a  close  wavelength  correla¬ 
tion  between  the  source  and  detector  elements.  This  technique 
relies  upon  the  local  modification  of  the  growth  rate  due 
to  surface  morphology  during  metal-organic  chemical  vapor 
deposition  (MOCVD)  [4H6]-  The  growth  rate  is  enhanced  on 
ridges,  and  is  reduced  in  valleys,  in  direct  proportion  to  the 
spatial  duty  factor,  which  is  defined  as  (1  -w/p)  for  the  ridges 
and  -(1  —  w/p)  for  the  valleys,  where  p  is  the  pitch  and  w 
is  die  width  of  the  ridge  or  valley.  By  patterning  die  substrate 
prior  to  growth  with  ridges  and  valleys  with  a  varying  spatial 
duty  factor,  the  local  growth  rates  of  all  the  epilayers  can  be 
uniformly  scaled  in  a  reproducible  and  controllable  manner. 
This  allows  the  resonance  wavelength  of  the  VCSEL  or  REPD 
structure  to  be  controllably  varied  across  the  wafer.  Fig.  1(b) 
shows  the  CW  lasing  spectrum  and  the  optical  responsivity  for 
several  elements  of  a  VCSEL  array  and  a  REPD  array  with 
closely  matching  wavelengths. 

The  optical  crosstalk,  or  equivalently  the  channel  selectivity, 
between  different  wavelength  channels  has  been  characterized 
under  both  dc  and  large  signal  modulation.  To  demonstrate 
wavelength  multiplexing,  the  optical  outputs  of  several  VC¬ 
SEL’s  from  this  multiwavelength  array  are  combined  by  a 
fiber  coupler  and  transmitted  through  a  multimode  fiber.  At 
the  receiver  end,  the  signal  is  fanned  out  by  a  coupler,  and  the 
individual  wavelength  channels  are  demultiplexed  (selected) 
by  different  elements  of  the  REPD  array. 

For  the  dc  measurement,  seven  VCSEL  sources  with  wave¬ 
length  spacing  between  2  and  6  nm  were  used  to  probe  the 
responsivity  of  seven  REPD’s  spanning  a  wavelength  range 
of  23  nm.  The  reproducibility  of  the  wavelength  grading 
from  array  to  array  is  <2  nm.  Within  each  array  the  lasing 
wavelengths  are  currently  not  evenly  spaced,  but  can  be 
redesigned  to  be  so  by  choosing  appropriate  values  of  DF 
[1].  The  photocurrent  of  each  wavelength-selective  REPD  was 
measured  individually  in  response,  to  each  of  the  transmitting 
wavelength  channels.  The  optical  crosstalk  level  was  then  cal¬ 
culated  and  the  results  plotted  in  Fig.  2.  The  optical  crosstalk 
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Kg.  3.  Wavelength  demultiplexing  of  high-speed  modulated  data  channels 
(125  Mb/s,  4-ns  pulses)  using  REPD’s  with  a  resonance  wavelength  separation 
of  AAS4  nm,  showing  optical  crosstalk  rejection  ratios  of  —7.8  and  —6.7 
dB  for  die  851  and  847  nm  REPD’s,  respectively. 

between  neighboring  channels  depends  on  their  spacing  A  A, 
and  has  an  average  value  of  —7.5  dB  for  AA  =  4  nm,  and 
-10.2  dB  for  AA  =  6  nm.  The  crosstalk  between  the  next 
nearest  neighbor  channels  drops  to  ~  -11  dB  for  AA  =  8 
nm,  and  ~  —15  dB  for  AA  =  12  nm.  The  signal  rejection 
efficiency  of  each  REPD  is  controlled  by  the  spectral  width 
of  its  responsivity,  which  has  a  full-width  at  half-maximum 
(FWHM)  of  ~  4  nm.  The  upper  minor  of  these  850-nm 
devices  has  10  DBR  pairs,  with  a  reflectivity  of  Jitop  = 
94.39%  that  varies  by  only  ±0.23%  over  the  entire  40-nm 
wavelength  grading  range.  This  reduced  wavelength  dispersion 
in  the  mirror  loss  results  from  the  ability  to  scale  the  growth 
rate  of  all  the  epilayers  of  individual  devices  to  match  the 
variation  in  the  lasing  mode.  A  narrower  spectral  width 
may  be  achieved  by  increasing  the  upper  minor  reflectivity, 
which  also  results  in  an  array  with  lower  responsivity.  For 
a  given  material  absorption  coefficient,  the  optimum  design 
is  a  tradeoff  between  absorption  efficiency  and  wavelength 
selectivity.  Reducing  the  material  absorption  coefficient,  e.g., 
using  the  980-nm  REPD’s  of  [3],  will  decrease  the  spectral 
width  without  sacriMwj  responsivity,  thus  reducing  the  op¬ 
tical  crosstalk  and  al|Wring  a  larger  number  of  wavelength 
channels  to  be  multiplexed. 

The  optical  crosstalk  was  also  measured  under  large-signal 
data  modulation  using  a  similar  experimental  configuration. 
Two  VCSEL’s  from  the  multiwavelength  array  were  simul¬ 
taneously  modulated  using  temporally  displaced  (nonoveriap- 
ping)  data  patterns.  Each  REPD  was  mounted  in  a  high-speed 
package  containing  a  transimpedance  (TZ)  amplifier  with 
a  bandwidth  of  1.2  GHz.  Fig.  3  shows  the  experimental 
demultiplexing  results  at  a  data  rate  of  125-Mh/s  retum-to-zero 
(RZ)  [250-Mb/s  nonretum-to-zero  (NRZ),  4-ns  pulses],  for  a 
channel  spacing  of  AA  =  4  nm.  The  launched  power  for  all  the 
wavelength  channels  was  intentionally  equalized  with  a  typical 
value  of  100  ^W/channel  launched  into  a  multimode  fiber,  the 
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nm.  The  large  signal  modulation  response  was  limited  by  the 
capacitance,  of  the  REPD’s  (200  fim  area),  which  resulted  in 
a  fall-time  of  >4  ns  (Fig.  4). 

In  conclusion,  we  have  demonstrated  a  novel  WDM  optical 
interconnect  scheme  in  which  the  outputs  of  a  monolithic 
multiwavelength  VCSEL  array  are  wavelength-multiplexed 
and  transmitted  on  a  single  fiber,  and  then  demultiplexed 
by  individual  wavelength-selective  REPD’s  with  matching 
wavelength  passbands.  The  MUX/DEMUX  operations  have 
been  demonstrated  at  a  data  rate  of  125  Mb/s,  with  a  crosstalk 
level  of  -10  dB.  The  modulation  response  can  be  significantly 
improved  by  reducing  the  size  of  the  REPD’s,  while  lower 
crosstalk  (greater  spectral  selectivity)  and  a  closer  channel 
spacing  can  be  realized  by  reducing  the  width  of  the  REPD’s 
spectral  response.  Bit-error-rate  measurements  will  be  car¬ 
ried  out  on  a  future  generation  of  higher  speed  REPD’s  to 
determine  the  power  penalty  due  to  interchannel  crosstalk. 


Fig.  4.  Wavelength  demultiplexing  of  high-speed  modulated  data  channels 
(125  Mb/s  4-ns  pulses)  using  REPD’s  with  a  resonance  wavelength  separation 
of  AA  “  6  nm,  showing  optical  crosstalk  rejection  ratios  of  —10.5  dB  and 
—  10.0  dB  for  the  845  and  851  nm  REPD’s,  respectively. 

optical  power  incident  on  each  REPD  was  35  /iW/channel. 
In  each  time  trace,  the  higher  and  lower  pulses  represent  the 
amplitudes  of  the  photoresponse  of  each  REPD  to  the  optical 
data  channels  at  resonant  and  nonresonant  wavelengths.  The 
response  of  the  851-nm  REPD  and  the  847 -nm  REPD  show  a 
crosstalk  level  of  -7.8  dB  and  —6.7  dB,  respectively,  which 
are  in  good  agreement  with  the  average  dc  crosstalk  level 
of  ~  -7.5  dB  for  AA  =  4  nm.  Fig.  4  shows  the  results  of 
the  same  modulation  experiment  when  the  two  channels  are 
separated  by  AA  =  6  nm.  For  this  case,  the  equalized  launched 
power  was  160  /xW/channel,  and  the  power  incident  on  each 
REPD  was  60  /iW/channel.  The  photoresponse  of  the  851  nm 
REPD  and  the  845-nm  REPD  show  a  crosstalk  level  of  —10.0 
dB  and  -10.5  dB,  respectively,  which  are  within  0.5  dB  of  the 
average  measured  dc  crosstalk  level  of  -10.2  dB  for  A  A  =  6 
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Abstract — We  describe  the  quasi-planar  monolithic  “Ration  bt 
,f  oxide-confined  vertical-cavity  surface-emitting  laseE^CS^L2  te 
1 Tenant  enhanced  photodetector  (REPD) arrays fa 
meed  devices  are  fabricated  using  an  approach  in  which  current  & 
apertures  with  a  range  of  different  sizes 

natine  a  number  of  discrete  crescent  shaped  oxidation  fronts. 

This  approach  preserves  planarity  while  improving  dimensional  n 
control  for  devices  with  very  small  oxide  apertures  «4  /mi).  It  re-  1. 
suited  in  VCSEL’s  with  electrical  and  optical  characteristics  tha  „ 
are  comparable  to  those  of  etched-mesa  devices,  while  producing  fc 
high-speed  REPD’s  with  a  rise  time  of  ~65  ps.  r 

Index  Terms —  Monolithic  integration,  monolithic  VCSEL  ar-  c 
rays,  resonant-enhanced  photodetection.  j 

( 

MONOLITHIC  arrays  of  vertical-cavity  surface-emitting  ( 
lasers  (VCSEL’s)  and  resonance-enhanced  photodetec-  i 
tors  (REPD’s)  can  be  monolithically  integrated  into  optoelec¬ 
tronic  arrays  that  perform  useful  functions  in  optical  switching 

and  wavelength-division-multiplexing  (WDM)  applications. 

Multiwavelength  VCSEL  and  REPD  arrays  have  previously 
been  realized  using  both  proton  implantation  [1]  and  selective 
oxidation  [2]  for  current  confinement.  However,  the  selective 
oxidation  presents  a  problem  for  monolithic  integration  due 
to  the  disparate  size  requirements  of  the  current  apertures 
for  the  VCSEL  «10  /on)  and  the  REPD  (>30  M  whic 
share  a  common  epilayer  structure  [3].  The  VCSEL  s  and 
REPD’s  are  typically  isolated  mesa  structures  from  w  ose 
periphery  selective  lateral  oxidation  proceeds.  For  VCSEL  s 
[he  Oxidation  length  is  chosen  as  a  tradeoff  between  the 
accuracy  of  the  final  oxide  aperture  and  the  need  for  a  low 
contact  resistance,  it  typically  exceeds  10  As  a  resu 
of  this  oxidation  length,  the  concomitant  lateral  oxidation  of 
the  larger  REPD  mesas  produces  a  large  parasitic  capacitance 
that  reduces  the  bandwidth  of  the  photoresponse.  It  is  thus 
desirable  to  develop  a  new  oxidation  technique  for ^  mono¬ 
lithic  integration  that  can  accommodate  a  range  of  differen 
oxide  apertures  with  arbitrary  geometries  while  improving 
dimensional  control,  preserving  planarity,  and  minimizing 
device  parasitics  (capacitance  as  well  as  resistance).  This  has 


Manuscript  received  December  18,  1998;  revised  February  5,  1999.  This 
work  was  supported  by  the  Defense  Advanced  Research  Projects  Agency 
ihf  Air  Force  Office  of  Scientific  Research. 

The  authors  are  with  the  Center  for  High  Technology  Matenal^Umversity 
of  New  Mexico,  Albuquerque,  NM  87106  USA 
Publisher  Item  Identifier  S  1041-1135(99)03603-4. 


b^n  achieved  using  a  vanant  of  the  etched-nench  oxidation 
technology  described  in  references  (4]-[61,  winch  resulted 
in  quasitplanar  high-speed  VCSEL  and  REPD  amys  wilt 

dimensions  as  small  as  2  pm.  ,  , 

In  monolithic  integration,  arrays  are  patterned  into  etched 
mesas  to  facilitate  selective  lateral  oxidation  and  to  electrically 
isolate  neighboring  devices.  The  size  of  the  mesa  is  determined 
not  only  by  the  desired  electrical  and  thermal  characteristics, 
but  also  by  the  requirements  of  dense  integration.  Smaller 
mesa  sizes  result  in  denser  arrays,  but  cause  higher  electri¬ 
cal  and  thermal  resistance,  resulting  in  less  efficient  device 
performance.  To  minimize  power  dissipation  in  dense  arrays 
devices  with  a  small  oxide  aperture  are  needed.  However, 
due  to  limits  in  the  accuracy  of  the  oxidation  rate  very 
small  microcavities  cannot  be  accurately  and  reliably  achieved 
without  reducing  the  mesa  size  and  oxidation  length,  whic 
increases  the  electrical  and  thermal  resistances.  For  a  given 
process  control  accuracy,  the  percentage  error  tr .the  dimension 
of  the  oxide  aperture  can  become  unacceptably  high  when 
the  final  dimension  is  small  compared  to  the  total  oxidation 
length  The  oxidation  length  (and  time)  can  be  reduced  without 
reducing  mesa  size  or  sacrificing  planarity  by  the  'jetton 
of  local  oxidation  centers  such  as  etched  holes  [4),  [5], 

,  from  which  multiple  lateral  oxidation  fronts  can  proceed  to 
l  define  an  enclosed  oxide  aperture.  Arbitrary  oxide  aperture 
.  geometries  can  be  defined  using  discrete  etched  holes  [61,  or 
s  alternatively  by  using  linear  or  crescent-shaped  segments  of 
e  etched  trenches,  from  which  oxide  fronts  as  narrow  as  2  jun 
v  can  be  concatenated  to  form  a  single  continuous  aperture.  By 
It  not  removing  all  of  the  surrounding  semiconductor  material, 

,f  not  only  has  quasi-planarity  been  maintained,  but  he  thermal 
:e  resistance's  also  decreased  to  alleviate  thermal  rollover. 

,s  This  technique  has  been  applied  to  the  quasi-planar  mono- 
>  lithic  integration  of  VCSEL  and  REPD  arrays.  The  device 
nt  fabrication  begins  with  the  deposition  of  the _  circular  upper 
,«  p-metal  pattern  containing  the  open  crescent-shaped  segments 
rg  [hat  allow  a  circular  oxidation  front  to  be  formed  by  selertive 
as  wet  oxidation  to  define  the  active  areas  of  the  VCSEL  s 
and  REPD’s.  The  number  of  segments  is  increased 
..  larger  oxide  aperture  size  (four  for  VCSEL’s  and  eight  for 
Sd  REPD’s)  in  order  to  provide  uniform  currentspread.ng  from 
regions  lying  outside  the  circular  trenches.  This  ,s  followed 
!ity  by  dry  etching  through  these  open  segments  to  a  depth 
below  the  active  region  to  expose  the  Alo.9sGao.02As  layers 
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(W  (c)  (d) 

Fig.  I .  (a)  Demonstrates  the  quasi-pianar  monolithic  integration  of  VCSEL’s 
with  resonance-enhanced  photodetectors  (REPD’s).  (bMd)  shows  the  con¬ 
catenation  of  ~3  p  m  oxidation  fronts  from  crescent-shaped  apertures  to  form 
continuous  current  apertures  for  both  VCSEL’s  (a)  and  (b)  and  REPD’s  (c). 

for  wet  oxidation.  After  oxidation,  all  the  surrounding  areas 
are  bombarded  with  a  multilevel  proton  implant  for  device 
isolation.  Finally,  the  bottom  n-contact  is  deposited.  All  of 
the  devices  were  designed  to  have  coplanar  strip  lines  in 
order  to  evaluate  their  high  speed  response.  This  necessitated 
a  postimplant  mesa  etch  (hence  quasi-pianar)  to  allow  metal 
contact  to  the  substrate  to  be  made  from  the  upper  surface 
for  the  coplanar  strip  line  geometry.  Fig.  1(a)  shows  the 
monolithic  integration  of  both  VCSEL  and  REPD  arrays 
using  the  ET  approach.  Fig.  l(b)-(d)  shows  the  formation 
of  continuous  oxidation  fronts  from  discrete  etched  trench 
segments  (3  pm  wide)  with  oxide  apertures  of  2, 6,  and  20  ptm, 
respectively.  With  a  total  device  area  whose  diameter  is  only 
~14  nm  larger  than  that  of  the  active  area,  the  ET  technique 
potentially  allows  higher  density  monolithic  integration  of  both 
VCSEL  and  REPD  arrays. 

An  important  advantage  of  this  ET  technique  is  that  the 
oxidation  length  is  decreased  to  2-3  pirn.  This  allows  more 
precise  control  of  the  final  aperture  to  be  achieved,  especially 
for  devices  with  small  active  areas  (<4  pirn).  For  an  etched 
mesa  (EM)  device  with  a  2-prm  active  region  and  a  10-pim 
oxidation  length,  an  uncertainty  in  the  oxidation  rate  of  ±5% 
would  lead  to  an  uncertainty  of  ±0.5  pzm  (25%)  in  the  active 
area  diameter.  For  an  ET  VCSEL  with  a  2-fim  active  region 
and  an  oxidation  length  of  2  pirn,  the  same  uncertainty  in 
oxidation  rate  would  result  in  an  uncertainty  of  only  ±0.1  ptm 
(5%),  a  fivefold  improvement. 

The  dc  electrical  and  lasing  characteristics  of  the  ET  VC¬ 
SEL’s  are  shown  in  Fig.  2  for  devices  with  diameters  ranging 
from  2  to  28  ptm.  All  devices  have  low  threshold  voltages 
(1.45-1.60  V)  and  exhibited  no  evidence  of  leakage  currents. 
The  CW  lasing  characteristics  of  the  VCSEL’s  have  threshold 


Fig.  3.  Comparison  of  f3  dB  (-3-dB  frequency  of  |S2i  |)  for  etched  trench 
and  etched  mesa  VCSEL’s  demonstrating  comparable  performance.  Inset- 
1 521 1  curve  of  an  etched  trench  fabricated  VCSEL  at  /  =  9  *  */lh. 


currents  ranging  from  0.9  mA  for  the  2-ptm  devices  to  4.3  mA 
for  the  28-pim  devices,  with  slope  and  wall-plug  efficiencies 
of  16%-20%  and  8%-ll%,  respectively.  These  values  are 
comparable  to  those  values  for  the  EM  devices  that  were 
also  fabricated  using  the  same  wafer.  One  notable  difference 
between  the  ET  VCSEL’s  and  EM  VCSEL’s  is  that  although 
both  have  comparable  peak  optical  output  powers  (0.7  mW 
for  2-pzm  devices  to  5.8  mW  for  the  28-pim  devices),  thermal 
rollover  occurs  at  a  much  higher  current  for  the  former, 
suggesting  a  lower  thermal  resistance.  The  EM  VCSEL’s  show 
a  slightly  lower  threshold  current  than  the  ET  VCSEL’s  for 
devices  with  very  small  active  areas. 

An  important  advantage  of  the  ET  approach  is  the  reduc¬ 
tion  of  parasitic  areas  caused  by  oxidation.  The  high  speed 
modulation  characteristics  of  ET  and  EM  VCSEL’s  have 
been  investigated,  and  the  results  are  shown  in  Fig.  3,  which 
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Re  4  (a)  The  dc  photoresponsivity  spectrum  of  a  30-#tm  aperture 

ET-REPD  showing  ~3.5  nm  FWHM  and  a  peak  responsivity  of  0.34 
AAV  along  with  the  lasing  spectrum  of  a  typical  VCSEL.  (b)  The  large 
Xnal  modulation  response  of  an  ET-REPD  and  an  EM-REPD  (upper  traces) 
the  modulated  optical  output  of  an  ET-VCSEL  flower  trace)  showing  a 
rise  liinc  of  ~65  PO¬ 
TABLE  I 

Comparison  of  the  Contributions  to  the  Capacitance 
OF  30-pm  ET  and  EM  REPD’s 
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levels  the  fs  dB  frequencies  are  identical,  but  as  the  bias 
current  increases  the  EM  devices  show  a  slightly  higher  speed, 
with  a  maximum  frequency  of  13.5  GHz  versus  11.8  GHz. 

The  increase  in  modulation  bandwidth  expected  from  the 
decrease  in  oxide  parasitic  capacitance  is  partly  annulled  by 
the  larger  parasitic  capacitance  of  the  contact  pads  due  to  the 
higher  dielectric  constant  of  the  semiconductor  (er  ~  13.13), 
compared  to  that  of  the  polyimide  ( er  ~  3.3). 

The  typical  photoresponse  of  the  ET  REPD’s,  measured  at  a 
reverse  bias  of  5  V,  is  presented  in  Fig.  4.  Fig.  4(a)  shows  the 
dc  responsivity  of  a  typical  REPD,  demonstrating  a  spectral 
bandwidth  [full-width  at  half-maximum  (FWHM)]  of  ~3.5  nm 
and  a  peak  responsivity  of  ~0.34  AAV  (50%)  at  the  resonant 
wavelength,  along  with  the  lasing  spectra  of  a  typical  ET 
VCSEL.  Fig.  4(b)  shows  the  large  signal  modulation  response 
of  an  REPD  with  a  30-ftm  optical  aperture  in  response  to  the 
optical  modulation  from  a  6-/zm  VCSEL  source.  The  response 
shows  a  10%-90%  rise  time  of  ~65  ps,  which  represents  a 
significant  improvement  over  the  bandwidth  of  earlier  etched 
mesa  devices  [7],  which  had  a  much  larger  mesa.  Also  shown 
is  the  response  of  a  30-/xm  EM  REPD  showing  almost  identical 
rise  and  fall  times.  This  can  be  understood  by  comparing  the 
different  contributions  to  the  capacitance  for  the  30-(xm  EM 
and  the  30-fim  ET  devices,  as  shown  in  Table  I.  While  the  ET 
device  has  a  lower  contribution  from  the  oxide  and  junction 
areas  (C]unc  and  C0x).  this  is  offset  by  the  larger  capacitance 
of  the  contact  pad  (Cpad)  as  described  above.  | 

In  conclusion,  we  have  demonstrated  a  novel  quasi-plai^ 
fabrication  technique  for  integrating  VCSEL’s  and  REPD  s’iA  || 
high-density  arrays  for  applications  in  high-speed  WDM  net¬ 
works.  This  technique  can  accommodate  a  range  of  different 
oxide  apertures  with  arbitrary  geometries  (circular  or  square) 
while  improving  dimensional  control  for  small  active  areas. 


Etched  Mesa 

Etched  Trench 

Cr^  0.42  pF 

0.33  pF 

C„  0.32  pF 

0.12  pF 

Cp*  -JU&bE 

0.40  pF 

Cw  (calculated)  0.93  pF 

0.85  pF 

Cw  (measured)  0.99  pF 

0.95  pF 

compares  /3  dB  (lb®  — 3-dB  modulation  bandwidth)  versus 
y/(I/Ith)  -  1  (where  I  and  Jth  are  the  bias  and  threshold 
currents,  respectively)  for  two  ^6  /im  active  area  VCSEL  s 
fabricated  using  the  different  approaches.  The  figure  inset 
shows  a  typical  IS21I  versus  frequency  curve  for  an  ~6-/im 
trench  VCSEL  biased  at  I  =  9*Jth.  At  low  bias  current 
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A  Quasi-Planar  Approach  to  the  Monolithic  Integration  of  High-Speed  VCSEL  and 
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We  describe  the  monolithic  integration  of  oxide-confined  VCSELs  and 
resonant  photodetectors  with  small  active  area  apertures  using  a  quasi- 
planar  approach  in  which  the  continuous  oxidation  front  is  locally  defined 
by  a  discrete  pattern  of  crescent-shaped  trenches. 
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Monolithic  arrays  of  VCSELs  and  resonant  enhanced  photodetectors  (REPDs)  can  be 
integrated  into  optoelectronic  circuits  that  perform  useful  functions  in  optical  switching  and 
.  Wavelength  division  multiplexing  (WDM)  applications  11].  For  these  and  other  optoelectronic 
interconnect  applications,  planarity  is  desirable  for  monolithic  integration,  and  low  power 
dissipation  is  required  for  dense  arrays.  To  minimize  power  dissipation,  oxide-confined  VCSELs 
with  small  active  areas  and  low  operating  currents  are  needed.  In  the  standard  (non-planar) 
technique  for  fabricating  oxide-confined  VCSELs,  the  active  area  is  defined  by  the  lateral  wet 
oxidation  of  the  high  aluminum  content  layers  from  the  periphery  of  an  etched  mesa,  with  a 
typical  oxidation  length  of  >10  pm.  Minimizing  the  thermal  and  electrical  resistances  dictate  a 
large  mesa  size,  at  the  cost  of  a  longer  oxidation  time  and  hence  greater  uncertainty  in  the  final 
aperture  size.  The  oxidation  time  and  uncertainty  can  be  reduced  without  sacrificing  planarity  or 
increasing  the  mesa  size  by  introducing  local  oxidation  centers  (e.g.,  etched  holes  [2,3])  from 
which  multiple  oxidation  fronts  can  proceed  to  define  an  active  aperture.  Figure  1  shows  a  set  of 
discrete  crescent-shaped  trenches  (~3pm  wide)  that  can  be  used  to  form  a  continuous  oxide 
aperture  with  an  oxidation  length  as  small  as  2pm.  Figure  1(a)  shows  the  proximate  integration 
of  both  VCSELs  and  REPDs  on  a  single  wafer,  while  figs.  1(c)  and  1(d)  show  their  respective 
oxidation  fronts.  A  low  electrical  resistance  is  provided  by  a  contact  area  that  extends  beyond 
the  outer  boundary  of  the  etched  trenches. 

The  electrical  and  lasing  characteristics  of  oxide-confined  VCSELs  fabricated  using  the 
quasi-planar  etched-trench  (ET)  technique  have  been  compared  with  those  of  etched  mesa 
VCSELs  (EM)  fabricated  from  the  same  wafer.  Their  dc  lasing  characteristics  (fig.  2)  show 
comparable  performance  over  a  range  of  aperture  sizes,  with  the  smaller  EM  VCSELs  (<4pm) 
having  a  slight  advantage  in  threshold  current,  and  the  larger  ET  VCSELs  (>12pm)  having 
higher  power.  The  electrical  characteristics  show  a  slight  advantage  in  threshold  voltage  for  the 
ET  devices.  One  advantage  of  the  ET  VCSEL  is  the  preservation  of  planarity  without  increasing 
device  parasitics.  This  is  demonstrated  by  comparing  the  high  frequency  modulation  response 
of  VCSELs  and  REPDs  made  using  these  two  techniques.  The  ET  and  EM  VCSELs  show  a 
similar  optical  modulation  response  as  a  function  of  current  (fig.  3a),  each  with  a  -3dB  bandwidth 
of  ~4  GHz  at  2x1^,  increasing  to  more  than  1 2  GHz  at  10x1*. 

P£PQs  with  a  small  active  area  (~30pm)  have  also  been  fabricated  using  this  technique, 
with  a  peak  absorption  efficiency  of  -70%  at  a  Wavelength  of  ~850nm,  which  is  closely  matched 
to  the  wavelength  of  the  VCSELs.  The  large-signal  modulation  esponse  of  the  REPD/VCSEL 
transceiver  pair  is  shown  in  fig.  3b,  which  exhiBits  a  10%-90%  rise  time  of  ~70ps. 

We  have  demonstrated  a  planar  tecj)iitique  that  uses  a  pattern  of  etched  trenches  to 
define  the  active  area  of  VCSELs  and  REPDswto  facilitate  their  planar  integration.  This  technique 
produced  devices  with  dc  and  high  frequency  characteristics  that  are  comparable  to  the  etched 
mesa  VCSELs,  while  providing  increased  accuracy  in  the  production  of  devices  with  small 

(<4|im)  apertures. 
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The  Gai.xInxNyAsi.y/GaAs  material  system  represents  a  promising  approach  for  achieving  long 
wavelength  semiconductor  lasers  with  a  large  characteristics  temperature  (T0)  as  well  asVCSELs  on  a 
high-quality  GaAs  substrate.  For  VCSELs,  this  epitaxial  approach  takes  advantage  of  the  large  index 
difference  of  GaAs/AlAs  DBR  mirrors  (thus  smaller  growth  thickness),  as  well  as  the  established 
processing  technology  of  AlGaAs/GaAs  VCSELs.  Pulsed  lasing  of  edge-emitting  Gaj.xInxNyAsi./GaAs 
quantum  well  (QW)  lasers  has  previously  been  achieved  at  1.18  pm  and  at  1.31  pm  at  room  temperature 
using  material  grown  by  gas  source  MBE  [1],  with  a  threshold  current  as  low  as  1.4  kA/cm1 2 3.  However, 
the  progress  in  MOCVD-grown  GalnNAs/GaAs  material  has  lagged  behind,  and  the  best  result  to  date 
was  achieved  by  a  2-QW  laser  under  pulsed  lasing  conditions  [2],  with  alasing  wavelength  of  ~1.18  pm 
and  a  threshold  current  density  of  3.37  kA/cm2.  This  paper  reports  a  signficant  improvement  in  the 
performance  of  MOCVD-grown  Gai.xInxNyAsi.y/GaAs  lasers.  Using  a  new  MOCVD  regrowth  technique 
[3],  3-QW  Gaj.xInxNyAsi.y/GaAs  edge-emitting  lasers  with  x=0.3  and  y  -  0.3-0.4  %  have  been  achieved, 
with  lasing  wavelengths  in  the  1.15-1.19  pm  regime  and  threshold  current  density  as  low  as  ~600-700 
A/cm2,  which  is  the  lowest  for  any  MOCVD-grown  devices.  Ridge-waveguide  lasers  as  well  as  planar 
broad  stripe  lasers  defined  by  the  selective  lateral  wet  oxidation  of  an  Al0.9sGa0.02As  layer  have  been 
fabricated. 

The  GalnNAs  lasers  were  grown  in  an  IR-heated,  horizontal  flow  OMVPE  reactor  on  N4  GaAs 
substrates  oriented  at  6°  off  (100)  towards  <1 1 1>A.  The  Ino.3Gao.7Aso.997No.003/GaAs  QWs  were  grown  at 
535°C  using  trimethylindium,  trimethylgallium,  100%  arsine,  and  dimethylhydrazine  (DMHy). 
Diethyltellurium  and  carbon  tetrachloride  were  used  asTe-doping  and  C-doping  precursors,  respectively. 
The  growth  rate  of  the  Ino.3Gao.7Aso.995No.005  and  GaAs  layers  were  5.4,  and  8  A/sec,  respectively,  and  the 
ratio  of  [DMHy]/([DMHy]+[AsH3])  was  fixed  at  0.6.  To  eliminate  theTe  memory  effect  [3]  that  reduced 
the  radiative  efficiency  of  the  GalnNAs/GaAs  MQWs,  in-situ  cleaning  the  quartz  reactor  and  graphite 
susceptor  with  hydrogen  chloride  at  830°C  were  employed  prior  to  the  regrowth  of  the  MQW  active 
region  and  the  p-cladding  layer. 

Pulsed  lasing  has  been  achieved  at  room  temperature  by  edge-emitting  GalnNAs/GaAs  lasers 
with  3  .Q^Sj|7|rt|i  wells  separated  by  10  nm  barriers),  Alo.3Gao.7As  cladding  layers,  a  cavity  length  of 
1000  pm  jp<ra  sttij^e  width  W  that  varyies  from  2  pm  to  60  pm.  The  light-vs-current  characteristic  and 
lasing  spectrum|pl]f(  device  with  W=  60  pm  are  shown  in  fig.  1,  with  a  threshold  current  of  350  mA  and  a 
current  density  W  -635  A/cm2,  and  a  lasing  wavelength  of  -1.165  pm  at  1.0  A.  The  temperature 
dependence  of  the  threshold  current  for  these  devices  show  a  characteristic  temperature  of  T0=  125  K  - 
133  K.  The  longest  lasing  wavelength  achieved  was  -1200  nm.  The  dependence  of  the  lasing 
characteristics  on  W  has  been  obtained.  Figure  2  shows  the  characteristics  of  a  laser  with  W=25  pm, 
which  was  defined  by  the  selective  weiloM  lation  of  an  Alo.9sGao.02As  layer.  The  device  has  a  threshold 
current  of  245  mA  and  a  threshold  current  density  of  950  A/cm2,  with  a  lasing  wavelength  of  -1.16  pm. 

[1]  M.  Kondow,  et  al.,  IEEE  J.  Quantum  electronics,  Vol.  3,  pp.719-730, 1997. 

[2]  S.  Sato,  S.  Satoh,  Electron.  Lett.,  Vol.  34,  no.  15,  pp.  1495-1497, 1998. 

[3]  N.  Y.  Li,  C.  P.  Hains,  K.  Yang,  and  J.  Cheng,  submitted  to  Appl.  Phys.  Lett.,  1999. 
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Figure  1.  The  pulsed  lasing  characteristic  and  lasing  spectrum  of  a  3-QW  GalriNAs/GaAs  laser  with 
W=60  pm  at  300  K. 
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„  The  pulsed  light-vs-current  characteristic  and  lasing  spectrum  of  a  3-QW  GalsNAs/GaAs  laser 
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High-Speed  Wavelength  Division  Multiplexing  and  Demultiplexing  Using  Monolithic  Quasi-Planar 
VCSEL  and  Resonant  Photodetector  Arrays  with  Strained  InGaAs/GaAs  Quantum  Wells 


Yuxin  Zhou,  S.  Q.  Luong,  and  Julian  Cheng  | 

University  of  New  Mexico,  Center  for  High  Technology  Materials 

Albuquerque,  NM  87 1 06  _ 

Monolithic  arrays  of  multiple  wavelength  vertical-cavity  surface-emitting  lasers  (VCSEL’s)  and 
resonance-enhanced  photodetectors  (REPD’s)  with  matching  wavelengths  are  usefiil  for  fiber-based  wavelength- 
division  multiplexed  (WDM)  optical  interconnects,  which  achieve  optical  parallelism  using  a  single  fiber  instea  | 
of  a  multiple  fiber  array.  Multiple  wavelength  channels  can  be  optically  multiplexed  together  and  transmi 
through  aPsingle  fiber,  and  then  fanned  out  (broadcast)  to  different  nodes,  where  they  are  demultiplexed 
(selected)  using  REPDs  with  different  wavelength  selectivity.  Wavelength  multiplexing  and  demultiplexing  ■ 
were  previously  demonstrated  by  the  use  of  850  nm  VCSELs  and  REPDs  [1],  whose  perfonnance  was  limited  ■ 
in  boto  modulation  bandwidth  (<125  Mb/s)  and  in  the  interchannel  wavelength  separation  (~6  nm)  that  is  needed 
to  achieve  a  crosstalk  rejection  of  greater  than  10  dB.  Greater  modulation  speed  has  been  achieved  by  the  use  of  | 

monolithic  quasi-planar  VCSEL  and  REPD  arrays  [2]  operating  at  data  rates  approaching  1  Gb/s,  while  ■ 

improved  optical  crosstalk  isolation  has  been  achieved  using  920  nm  VCSELs  and  REPDs  containing  strained 

InGaAs/GaAs  quantum  wells.  ■ 

The  REPDs  are  achieved  by  removing  an  appropriate  number  of  DBR  pairs  from  the  upper  mirror  of  the 
VCSEL  to  achieve  an  optimum  trade-off  between  the  spectral  selectivity  (special  S-ijB 

band)  and  the  peak  absorption  efficiency  of  the  photodetector.  The  lower  material  absorptukl  todfificieht  ofthe  * 
wells  (-6000  cm-1,  vs  13,000  crn'l  for  GaAs  QWs)  allows  REPDs  to  be  designed  wiA  a 
narrower  wavelength  selectivity  (2.5  nm  FWHM,  vs  4.0  nm  for  GaAs)  while  retaining  a  high  peak  absorption  g 
efficiency  (>  90%)  as  well  as  an  optimal  laser  design.  The  narrower  wavelength  selectivity  leads  to  a  reduction  § 
ofthe  optical  crosstalk  between  channels,  thus  allowing  more  wavelength  channels  to  be  used  within  a  given 
soectral  band.  The  optical  crosstalk  between  different  wavelength  channels,  or  equivalently  the  channel  g 
selectivity  has  been  characterized  under  large  signal  modulation  conditions.  Figure  1  shows  the  cw  asing  spectra  g 
of  two  VCSELs  (upper  trace)  and  the  photoresponse  spectra  of  two  REPDs  (lower  trace)  from  a  monolithic  array 
whose  center  wavelengths  (917.89  nm  and  921.77  nm)  are  separated  by  3.9  nm.  The ^optical  outputs .ofthe  g 
VCSELs  are  modulated  and  multiplexed  together  by  a  fiber  coupler,  and  then  transmitted  through  a  multi-mode  g 
fiber.  The  rhotocurrent  response  of  the  28  pm  diameter  REPD  used  in  toe  receiver  shows  an  asymmetric 
soectrum  with  a  FWHM  of  2.5  nm,  which  reflects  toe  asymmetry  of  toe  absorption  spectrum  of  j^an  « 
wel^photodetector.  The  do  optical  crosstalk  ofthe  917.89  nm  and  921.77  nm  REPDs  were  at  -12.2dB  and  - 1 

8.4dB  respectively. 

In  order  to  achieve  a  higher  modnlation  anted,  quasi-planar  VCSEL  and  REPD  arrays :  with  co-planar  | 
contacts  (fig.  2)  were  used  to  minimize  the  devfi%arasitics  by  reducing  toe  oxidation  length  [2]. 
shows  toe  large  signal  optical  modulation  response  of  toe  921.77  nm  VCSEL  and  toe  corresponding  REPD- 
under  zero  dc  bias.  The  VCSEL  drive  signal  consists  of  1  ns  pulses  with  a  50  MHz  repetition  rate.  TheREPDg 
shows  a  (10%-90%)  rise  time  of -100  ps,  closely  tracking  that  of  toe  VCSEL.  On  toe  other  hand,  the  fall  time  o 
the  REPD  is  characterized  by  a  long  (850  ps)  tail  due  to  lateral  carrier  diffusion  in  the  detector,  which  limits  it^ 
large-signal  modulation  performance.  V 
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A  WDM  link  was  experimentally  tested  b>  of  eS 

modulated  by  500  Mbs  RZ  ^t^ro)  *-  " "^Ttbe  VCSELs  and  the  demnWp  exed 

RFPD  to  the  multiplexed  signal.  The  modulated  op  JP  hich  shows  an  optical  crosstalk  level  of  - 
hotoresponse  of  the  corresponding  REPDs  are  shown  m  g  »  respectively.  These  values  are  slightly 
10  4  dB  and  -8.2  dB  for  the  917.89  nm  REPD  an  e  ■  ^ ^  REPDs.  Wavelength  multiplexing 
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wavelength  separation  of  AX  ~  4  nm. 
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High-Speed  Wavelength  Division  Multiplexing 
and  Demultiplexing  Using  Monolithic  Quasi- 
Planar  VCSEL  and  Resonant  Photodetector 
Arrays  with  Strained  InGaAs  Quantum  Wells 

Yuxin  Zhou,  and  Julian  Cheng,  Senior  Member  IEEE 


Abstract  -  We  demonstrate  the  high-sjpeejli  @igabit-per-sec) 
operation  of  a  wavelength-division-multiplexed  optical 
interconnect,  which  is  implemented  by  multiplexing  the 
optical  data  from  a  multiple  wavelength  vertical-cavity 
surface-emitting  laser  (VCSEL)  array  into  a  single  optical 
fiber,  and  demultiplexing  the  composite  data  stream  using  an 
array  of  resonance-enhanced  photodetectors  (REPD)  with 
matching  resonance  wavelengths.  By  using  VCSELs  and 
REPDs  with  a  new  quasi-planar  oxide-confinement  design  for 
improved  high  speed  performance,  and  using  strained 
InGaAs/GaAs  quantum  wells  to  achieve  a  better  trade-off 
between  optical  responsivity  and  wavelength  selectivity, 
WDM  operation  has  been  demonstrated  under  1  Gb/s  data 
modulation,  with  an  optical  crosstalk  rejection  ratio  of  better 
than  -10  dB  for  wavelength  channels  that  are  spaced  ~4  nm 
apart 

Wavelength-division  multiplexing  (WDM)  can 
greatly  increase  the  data  throughput  in  a  fiber-based  optical 
interconnect  by  facilitating  the  transmission  of  parallel 
optical  data  channels  across  larger  distance  through  a 
single  optical  fiber  instead  of  a  multi-fiber  ribbon  cable. 
Monolithic  arrays  of  wavelength-graded  vertical-cavity 
surface-emitting  lasers  (VCSEL’s)  and  wavelength 
selective  photodetectors  are  potentially  useful  for  WDM 
applications  in  the  local  optical  interconnect  environment 
[1,2],  where  low  cost  is  a  critical  determinant  for  their 
deployment.  Many  different  wavelength  channels  from  the 
VCSEL  array  can  be  multiplexed  together  on  a  single  fiber 
and  transmitted  to  different  destination  nodes,  where 
individual  data  channels  can  be  selected  by  using  either  a 
passive  wavelength  demultiplexer  or  a  wavelength- 
selective  resonance-enhanced  photodectector  (REPD). 

We  have  previously  demonstrated  a  fiber-based 
“broadcast  and  select”  WDM  interconnect  technology 
using  monolithic  arrays  of  wavelength-graded  VCSEL’s 
and  REPD’s  with  matching  wavelengths,  which  were 
fabricated  using  a  common  epilayer  structure  containing 
four  GaAs  quantum  wells  (QW)  with  lasing  wavelengths  in 
the  850  nm  regime  and  using  proton  implantation  for 
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current  confinement  [3].  The  wavelengths  of  each  array 
were  graded  by  using  an  MOCVD  epitaxial  growth 
technique  that  controllably  varied  the  local  growth  rate  of 
all  the  epilayers  on  a  topographically  patterned  substrate  in 

a  non-material-selective  manner  [1],  resulting  in  resonance 
structures  whose  wavelengths  can  be  graded  over  a  -40  nm 
range.  This  first  generation  of  wavelength-graded  VCSEL 
and  REPD  arrays  were  used  to  demonstrate  wavelength 
multiplexing  and  demultiplexing  at  a  data  rate  of  up  to  125 
Mb/s  [3],  which  was  limited  by  an  inefficient  non-plan ar 
design  for  monolithically  integrating  VCSELs  with 
REPDs.  An  improved  quasi-planar  technology  for 
integrating  oxide-confined  devices  on  the  same  susbtrate 
has  been  developed,  which  resulted  in  higher  speed 
VCSELs  (-12  GHz  bandwidth)  and  REPDs  (75  ps  rise 
time)  [4].  These  improved  devices  can  be  used  to  achieve 
a  high-speed  optical  WDM  interconnect  that  can  operate 
at  a  data  rate  of  >1  Gb/s. 

In  addition  to  the  smaller  bandwidth,  the  use  of 
GaAs  QWs  (with  an  absorption  coefficient  of  a=1.3xl04 
cm’1)  in  the  earlier  WDM  link  also  led  to  a  non-optimum 
trade-off  between  the  optical  responsivity  (absorption 
efficiency)  of  the  REPD  and  its  wavelength  discrimination 
ability  (the  spectral  width  of  the  photoresponse,  -4  nm), 
which  led  to  significant  variations  in  the  responsivity 
across  the  wavelength  grading  range.  The  use  of  strained 
InGaAs/GaAs  QWs  with  a  lower  material  absorption 
coefficient  (a~6.0xl03  cm"1)  produces  better  optimized 
REPD  arrays  with  an  improved  wavelength  selectivity  (-2 
nm),  higher  absorption  efficiency  (>90%),  as  well  as  a 
more  uniform  responsivity  over  the  wavelength  grading 
range.  A  narrower  spectral  width  results  in  greater 
wavelength  selectivity  and  lower  optical  crosstalk  between 
channels,  while  allowing  more  wavelength  channels  to  be 
used  within  a  given  spectral  band.  Figure  1(a)  shows  the 
calculated  absorption  efficiency  spectra  for  two  REPDs 
centered  at  850  nm  and  980  nm,  respectively,  referenced  to 
the  normalized  lasing  spectrum  of  the  VCSEL  to  which 
each  REPD  is  wavelength  matched.  The  850  nm  REPD 
structure  contains  four  10  nm  thick  GaAs/Al  0.2  Ga  o.8  As 
quantum  wells  sandwiched  between  two  distributed  Bragg 
reflector  (DBR)  mirrors  containing  9  and  38.5  pairs  of 
AIo.15Gao.85As-Alo.92Gao.08As  quarter-wave  layers, 
respectively.  Assuming  a=1.3xl04  cm"1  for  the  GaAs 
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Fig.  1  (a) 


Fig.  1  (b) 

Figure  1.  (a)  A  comparison  of  the  wavelength  selectivity  of  REPD’s 
containing  GaAs  quantum  wells  and  strained  InGaAs  quantum  wells 
using  their  calculated  absorption  efficiency  spectra,  each  centered  with 
respect  to  the  lasing  spectrum  of  a  wavelength-matched  VCSEL.  (b)  The 
dependence  of  the  peak  absorption  efficiency  and  the  spectral  width 
(FWHM)  of  tiie  photoresponse  of  a  REPD  on  the  number  of  DBR  pairs 
and  on  the  reflectivity  of  the  upper  mirror.  The  REPD  contains  4  InGaAs 
*  *  •  - ^ — tMnnm. 


QW’s,  the  responsivity  spectrum  has  a  peak 
efficiency  of  -100%  and  a  full  width  at  half  maximum 
(FWHM)  of  -4.7  nm.  The  980  nm  REPD  contains  four 
InojGaoaAs/Alo.iGao.^s  QW’s  (8  nm  thick)  sandwiched 
between  two  DBR  mirrors  containing  11  and  38.5  pairs  of 

Alo.92Gao.08As/Alo.1Gao.9As  quarter-wave  layers, 

respectively.  Assuming  a=6.0xl03  cm'1  for  the  InGaAs 
QW’s,  die  responsivity  spectrum  has  a  peak  efficiency  of 
-100%  and  a  FWHM  of  ~2  nm.  Thus,  for  two  neighboring 
WDM  channels  with  a  fixed  4  nm  wavelength  spacing,  the 
980  nm  REPD  has  a  higher  optical  discrimination  ratio 
(16.5:1)  than  the  850  nm  REPD  (3.8:1).  Moreover,  the  980 
nm  REPD  permits  a  more  optimum  trade-off  between  peak 
absorption  efficiency  and  wavelength  selectivity  as  a  result 
of  its  smaller  material  absorption  coefficient.  Figure  1(b) 
shows  the  dependence  of  the  spectral  width  and  the  peak 
absorption  efficiency  of  the  980  nm  REPD  photoresponse 
on  the  reflectivity  Ri  of  the  upper  DBR  mirror  (or 
equivalentiy,  on  the  number  N  of  upper  DBR  pairs), 
assuming  that  R2=l  for  the  bottom  mirror.  A  maximum 
absorption  efficiency  of  — 1  is  achieved  with  N— 1 1,  giving 
rise  to  a  reflectivity  of  Ri  =  96.37%  and  a  spectral  FWHM 
of  ~  2  nm  (compared  to  N=10  and  FWHM=4  nm  for  the 
850  nm  REPD).  A  narrower  spectral  width  can  be  achieved 
by  increasing  N  and  Ri,  but  only  at  the  expense  of  a  lower 
responsivity. 


The  VCSEL’s  and  REPD’s  used  in  the  WDM 
experiment  both  have  oxide-confined  active  area  apertures, 
and  were  monolithically  integrated  into  quasi-planar  arrays 
(figure  2  inset)  using  the  etched  trench  (ET)  approach  to 
define  the  oxide  apertures  [4].  This  approach  reduces  the 
total  device  area  and  minimizes  the  parasitic  oxide 
capacitance  to  achieve  an  improved  modulation  response, 
while  preserving  the  coplanar  contact  geometry  without 
polyimide  planarization.  Another  advantage  of  the  etched 
trench  technique  is  that  more  precise  dimensional  control 
of  the  oxide  apertures  can  be  obtained  by  reducing  the 
oxidation  length,  which  also  minimizes  the  device 
parasitics.  Individual  ET  VCSELs  with  a  6  pm  active  area 
have  a  small-signal  modulation  bandwidth  of  >10  GHz, 
while  the  large  signal  photoresponse  of  the  REPD  has  a 
rise  time  of  65  ps. 


Figure  2.  The  composite  lasing  spectrum  of  two  wavelength-multiplexed 
VCSEL  channels  with  a  3.9  nm  wavelength  separation  (upper  trace),  and 
the  photoresponse  spectra  of  two  REPDs  with  matched  resonance 
wavelengths  (lower  trace).  Inset:  shows  SEM  photomicrographs  of  a 
quasi-planar  VCSEL  (above)  and  REPD  (below)  fabricated  using  die 
etched-trench  approach  for  oxide  confinement 


To  demonstrate  wavelength  multiplexing,  the 
optical  outputs  of  two  VCSEL’s  from  an  array  with  a  3.9 
nm  wavelength  separation  were  combined  using  a  3  dB 
fiber  coupler  and  transmitted  through  a  multimode  fiber. 
In  the  dc  measurement,  two  channels  with  center 
wavelengths  at  917.9  nm  and  921.8  nm  were  used.  In  fig. 
2,  the  upper  trace  shows  the  cw  lasing  spectra  of  two 
VCSELs  from  an  array  with  a  6  Dm  oxide  aperture,  while 
the  lower  trace  shows  the  photoresponse  spectra  of  two 
wavelength-matched  REPD’s  from  a  neighboring  array 
with  a  28  Dm  diameter  optical  window.  The  dc  response  of 
each  REPD  shows  an  asymmetric  photocurrent  spectrum 
with  a  FWHM  of  2.5  nm.  The  dc  optical  crosstalk  from 
neighboring  channels  has  been  determined  to  be  -122  dB 
and  -8.4  dB  for  the  917.9  nm  REPD  and  the  921.8  nm 
REPD,  respectively.  The  difference  is  attributable  to  the 
asymmetry  of  their  photoresponse  spectra. 

The  optical  crosstalk  was  also  tested  under  large- 
signal  data  modulation  conditions.  The  two  VCSELs  were 
biased  slightly  below  threshold,  and  were  simultaneously 
modulated  using  two  temporally  displaced  and  non- 
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In  conclusion,  we  have  demonstrated  a  simple 
WDM-based  optical  interconnect  feat  mes 
traded  VCSEL  and  REPD  arrays  wife  matching 
wavelengths.  Wavelength  multiplexing  and  demufeptemg 
have  been  demonstrated  at  a  data  rate  of  1.25Gb/s,  .wife 
crosstalk  level  of  -10  dB  between  channels  for  *  4  ™f 
wavelength  spacing,  and  a  BER  ,  j 

The  data  rate  can  be  further  improved  to  fee  OC-48  level 
by  modifying  fee  geometry  of  fee  REPD  to  reduce  its 
diffusion-limited  response  and  fee  RC  parasitics. 
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Abstract _ The  lasing  operation  of  three-quantum-well  Galn¬ 

NAs  stripe  geometry  lasers  grown  by  MOCVD  on  0°  and  6°  mis- 
oriented  (100)  GaAs  substrates,  respectively,  have  been  demon¬ 
strated  and  their  performance  is  compared  for  the  first  time.  Both 
devices  achieved  room  temperature,  pulsed  lasing  operation  at  an 
emission  wavelength  of  1.17  fim,  with  a  threshold  current  density 
of  667  A/cm2  for  lasers  grown  on  6°  misoriented  substrates,  and 
1  It  A /cm2  for  lasers  grown  on  0°  misoriented  substrates.  The 
threshold  for  the  lasers  grown  on  6°  misoriented  substrates  com¬ 
pares  favorably  with  the  best  results  for  GalnNAs  lasers.  Lasers 
with  narrower  stripe  width  and  a  planar  geometry  have  also 
been  demonstrated  by  the  use  of  lateral  selective  wet  oxidation 
for  current  confinement,  with  a  threshold  current  density  of  800 
A/cm2  for  25-/ /m- v  ide  devices. 

Index  Terms —  GfilnN As,  MOCVD,  quantum-well  laser,  semi¬ 
conductor  laser. 

LONG-WAVELENGTH  laser  diodes  emitting  at  1.3  and 
1.55  fim  are  key  photonic  components  for  optical  fiber 
communication  systems.  Currently,  these  lasers  are  predom¬ 
inantly  based  on  GalnAsP  alloys  grown  on  InP  substrates, 
which  have  a  higher  temperature  sensitivity  (and  a  smaller 
characteristic  temperature  Ta)  compared  to  shorter  wavelength 
lasers  that  are  grown  on  GaAs  substrates.  The  high  temperature 
sensitivity  is  primarily  due  to  Auger  recombination  and  the 
weak  electron  confinement  resulting  from  the  small  conduction 
band  offset  in  the  GalnAsP-InP  material  system.  GalnNAs 
alloys  grown  on  GaAs  substrates  have  been  proposed  as  a 
possible  alternative  to  the  GalnAsP-InP  system  for  achieving 
lasers  with  a  higher  characteristic  temperature  [1],  [2].  Using  a 
Gao.9Ino.1No.02Aso.98  active  layer  and  Alo.1Gao.9As  cladding 
layers  that  are  grown  on  a  GaAs  substrate,  a  conduction  band 
energy  discontinuity  as  high  as  570  meV  can  be  achieved  [3], 
loading  to  better  electron  confinement  and  better  temperature 
characteristics.  GalnNAs-GaAs  lasers  with  a  characteristic 
temperature  of  T0  ~  125  K  have  been  reported  [1],  [4]. 

Pulsed  lasing  of  edge-emitting  GalnNAs-GaAs  quantum- 
well  (QW)  lasers  has  previously  been  achieved  at  1.2  /xm  and 
at  1.31  /xm  at  room  temperature  using  material  grown  by  gas 
source  molecular  beam  epitaxy  (MBE),  with  threshold  currents 
as  low  as  888  A/cm2  [5]  and  6.74  kA/cm2  [6],  respectively. 
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However,  the  progress  in  MOCVD-grown  GalnNAs-GaAs 
material  has  lagged  behind  that  of  MBE  until  recently,  and 
the  best  results  to  date  have  been  achieved  by  a  two-quantum- 
well  laser  (50-jxm  stripe  width)  that  lased  at  a  wavelength  of 
1.24  /xm  with  a  threshold  current  density  of  660  A/cm2  [7] 
and  a  single-quantum-well  laser  operating  at  1.28  /xm  with  a 
threshold  current  density  of  800  A/cm2  [8].  Room-temperature 
continuous-wave  (CW)  lasing  operation  in  MOCVD  grown 
material  has  not  been  achieved  until  recently,  due  to  either  a 
low  optical  gain  or  high  internal  loss.  In  order  to  improve 
upon  the  former,  the  effect  of  (a)  increasing  the  number 
of  quantum  wells,  and  (b)  epitaxial  growth  on  misoriented 
substrates  have  been  investigated  in  this  work.  Using  MOCVD 
growth  [9],  the  lasing  operation  of  a  three-quantum-well 
Gao.7lno.3No.oo3As0.997-GaAs  edge-emitting  laser  has  been 
achieved  for  the  first  time  on  (100)  GaAs  substrates  that  are 
misoriented  by  0°  or  6°  toward  [111]A.  Pulsed  lasing  has 
been  achieved  at  room  temperature,  with  a  wavelength  of 
1.17  /xm  and  a  threshold  current  density  of  667  A/cm2,  which 
compares  favorably  against  the  benchmark  (660  A/cm2)  set 
by  MOCVD-grown  GalnNAs  lasers  [7]. 

Test  structures  containing  one,  two,  and  three  7 -nm- thick 
Gao.7lno.3No.003Aso.997  quantum  wells  separated  by  10-nm- 
thick  GaAs  barrier  layers  and  capped  with  GaAs  were  grown 
on  0°  substrates  for  comparison  purposes.  All  samples  exhib¬ 
ited  good  surface  morphology,  and  photoluminescence  mea¬ 
surements  performed  on  these  samples  showed  that  the  pho¬ 
toluminescence  intensity  varied  linearly  with  the  number  of 
quantum  wells.  Based  on  these  results,  all  laser  structures  were 
grown  using  a  three-quantum-well  active  region. 

Fig.  1  shows  schematically  the  epilayer  structure  of  the 
GalnNAs-GaAs  MQW  laser,  which  uses  either  a  broad-area 
contact  geometry  consisting  of  60-jxm-wide  p-contact  stripes 
[Fig.  1(a)],  or  an  oxide-confined  planar  geometry  [Fig.  1(b)] 
that  limits  lateral  current  spreading  and  is  potentially  scaleable 
to  very  narrow  stripe  widths.  The  active  region  consists 
of  three  7-nm-thick  Ga0.7In0.3N0.003As0.997  quantum  wells 
separated  by  1 0-nm-thick  GaAs  barrier  layers.  The  active 
region  is  bounded  on  either  side  by  a  140-nm-thick  undoped 
GaAs  waveguide  layer.  These  are  in-turn  bounded  by  p-dqped 
and  n-doped  Alo.3Gao.7As  cladding  layers  with  thicknesses 
of  1.2  and  1.5  /xm,  respectively.  The  epilayer  structure  was 
grown  on  standard  (100)  n-type  GaAs  substrates  as  well  as 
on  (100)  n-type  GaAs  substrates  that  are  misoriented  by  6° 
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Hg.  1.  Schematic  diagram  of  GalnNAs  laser  diode  (a)  standard  structure 
and  (b)  oxide-confined  structure. 

toward  [111]A.  The  growth  was  performed  by  low  pressure 
MOCVD  using  dimethylhydrazine  (DMHy)  as  the  nitrogen 
source,  and  diethyltellurium  and  carbon  tetrachloride  for  the  n- 
type  and  p-type  doping,  respectively.  The  n-doped  GaAs  buffer 
and  AlGaAs  cladding  layers  of  this  structure  were  grown  at 
725  °C,  while  the  active  and  p-doped  regions  were  grown 
at  a  reduced  temperature  of  535  °C  to  improve  the  nitrogen 
incorporation.  The  In  and  N  compositions  were  determined  us¬ 
ing  secondary  ion  mass  spectroscopy  and  double-crystal  X-ray 
diffraction  measurements.  The  growth  rate  of  the  GalnNAs 
active  layer  and  the  GaAs  cladding  layers  were  5.4  and  8  A/s, 
respectively,  and  the  ratio  of  PMHy]/([DMHy]+[AsH3])  was 
fixed  at  0.6.  To  eliminate  the  deleterious  Te  memory  effect 
[9]  on  die  radiative  efficiency  of  the  GalnNAs-GaAs  quantum 
wells,  in  situ  cleaning  the  quartz  reactor  and  graphite  susceptor 
was  carried  out  in  a  hydrogen  chloride  ambient  at  830  °C  prior 
to  the  regrowth  of  the  GaAs  waveguide,  MQW  active  region, 
and  die  p-cladding  layers. 

The  room-temperature  photoluminescence  (PL)  spectra  of 
the  laser  structures  grown  on  the  0°  and  6°  substrates  are 
shown  in  Fig.  2.  The  samples  were  pumped  by  a  Ti:  Sapphire 
laser  emitting  at  808  nm  with  a  power  varying  from  100  to 
550  mW.  In  each  case,  the  peak  PL  intensity  varies  linearly 
with  optical  pump  power  within  this  range.  Throughout  the 
entire  range  of  pump  power,  the  laser  sta  ture  grown  on  the 
6° -off  substrate  shows  a  peak  PL  intensity  jjhat  is  between  1.4 
and  2.0  times  higher  than  that  of  the  sample  grown  on  the 
0°-off  substrate,  indicating  a  substantia]  improvement  in  the 
optical  properties  of  the  material  grown  ^n  the  misoriented 
substrate.  The  ratio  of  their  slope  efficiencies  is  1.28,  which 
reflects  the  difference  in  their  radiative  efficiencies.  A  com¬ 


Flg.  2.  Peak  photoluminescence  of  GalnNAs  laser  structures  grown  on 
0°-off  and  6° -off  GaAs  substrates  as  a  function  of  pump  intensity.  Inset 
shows  photoluminescence  spectra  of  both  wafers  at  440-mW  pump  power. 


Fig.  3.  L-I  for  lasers  grown  on  a  standard  GaAs  substrate,  measured  under 
pulsed  operation  (100  MHz,  3%  duty  cycle)  at  room  temperature.  Insets  show 
lasing  spectra  at  I  =  1.1  x  /th  and  I  =  1.4Jth. 


parison  of  the  0°-off  and  6° -off  PL  spectra  for  a  pump  power 
of  440  mW  is  shown  in  the  inset  of  Fig.  2. 

The  lasers  of  Fig.  1(a)  were  fabricated  by  patterning  die 
Ti-Pt-Au  metal  stripes  for  the  p-contact  (~60  pm  wide),  fol¬ 
lowed  by  thinning  the  substrate  to  a  thickness  of  ~100  pm  and 
the  deposition  of  the  Au-Ge-Ni-Au  n-contact  on  die  substrate 
surface.  The  samples  were  then  cleaved  into  1000-ftm-long 
bars  and  bonded  onto  copper  heat  sinks  prior  to  device 
characterization. 

The  light  output  versus  injected  current  (L-I)  characteristics 
for  the  lasers  that  are  grown  on  the  0°  and  6°  misoriented 
substrates  are  shown  in  Figs.  3  and  4,  respectively.  The  devices 
were  measured  at  room  temperature  using  300-ns  pulses  with 
a  10-/xs  period  (3%  duty  cycle).  The  lasers  grown  on  the 
0°-off  substrate  show  a  lasing  threshold  current  of  Jth  = 
600  mA,  corresponding  to  a  nominal  threshold  current  density 
of  1  kA/cm2.  Lasers  grown  on  the  6° -off  substrate  show 
a  threshold  current  of  Jt h  =  420  mA,  corresponding  to  a 
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nominal  thresholdcurrent  density  of  667  W,  which  is  33%  wl 
lower  than  that  of  lasers  grown  on  the  0  -off  «*•»*•  un 

difference  (33%)  in  their  threshold  current  density  is  m  y  cj, 

manifested  bytheradoof  their  radrahve  efltaenctes  W  so 

The  tesrng  epeem  for  devktK  thM  «  •> 

emVictr^tp  are  shown  in  the  insets  of  Fig.  3.  The  spectrum  st 
afa^ias  current  of  U  x  I*  (inset  1)  shows  mo  narrow  s( 
lasing  modes,  while  the  spectrum  at  a  higher  b^  °L}-4  ‘^ 

tinset  2)  shows  that  many  lasing  modes  are  excited.  The  lasing 

rTT  (insets),  show  similar  behavior  as  a  function  of  dnve 
current,  and  a  slightly  shorter  emission  wavelength 
T  order  to  reduce  the  stripe  width  to  much 
sions  while  maintaining  planarity  and  mmimimg  *e  eff^ts 
of  lateral  current  spreading,  GalnNAs  lasers  tav 
fabricated  using  the  structure  depicted  in  Fig.  1(b), " 
the  selective  lateral  wet  oxidation  of  two  added  Alo.9sGao.02 
XXen.  mJftfSiv.  layer  110)  to  confine  the  omen, 
J?  _mJler  activSSature.  This  technique  is  familiar  to 
. ,  -orifjned  VcSpL^hnology  and  is  readily  scaleable  to 

Si^  wMte  *.  pnjvitog 
weak  index  guiding.  hi  Fig.  5,  we  illustrate  this  approach  using 

<**=>  - 25  .r  .-*  *  S 

ipnoth  of  1  mm  A  threshold  current  density  of  980  A/cm 
SXeveHi  devices  grown  on  6°-off  OaAs  subsonic, 
compared  to  667  A/cm2  for  the  60-pm-w>do  "g? 
devices  (Fig.  4).  The  threshold  was  reduced  to  800  A/cm  by 
the  facets  with  high  reflectance  dielectric  nmrorswrih 
reflectivities  of  1.0  and  0.9,  respectively.  The  lasing  spectra  of 

the  coated  and  uncoated  devices  at  a  bias  current  of  ~1.1  */* 

•  i_  •  c;0  <  and  show  lasing  at  a  nominal 

are  shown  in  the  insets  of  Fig.  b  ana  snow  * 

T  ’^“dncshold  cunent  and  higher 

ga£  XS  achieved  by  foe  gfowih  of  Ugh-q^  «P£ 
quantum-well  GalnNAs-GaAs  lasers  on  rmsonented  OaAs 
substrates  Bing  MOCVD,  with  an  emission  w»vetengft 
1  17  fxm  and  a  threshold  current  density  as  low  as  667  A/cm  , 


which  is  comparable  to  the  performance  of ^the  test ^  doc¬ 
umented  devices.  A  significant  improv^ent  rn  Ae  1  g 
characteristics  of  GalnNAs  lasers  has  been  actaeved  by 
use  of  6°-misoriented  (100)  GaAs  substrates  instead  of  *e 
standard  0°-off  (100)  substrates.  A  planar  oxide-confined  1 
structure  with  low  threshold  current  (800  A/cm  for  -fim 
snipes)*  was  also  demonsmned.  which  cm.  be  pomnMll, 
scaleable  to  very  small  active  stripe  dimensions. 
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We  report  organometallic  vapor-phase  epitaxy  (OMVPE)  growth  and  optical  characteristics  of 
1  17-1  20  um  double-heterostructure  laser  diodes  with  three  Gao.7lno.3No.oo3Aso.997  (7  nm)/GaAs(lu 
nm)  quantum  wells  (GalnNAs/GaAs  QWs).  Three  GalnNAs/GaAs  QWs  were  successfully  grown 
by  OMVPE  using  dimethylhydrazine  as  the  N  precursor.  Strong  room-temperature 
photoluminescence  at  the  1.17-1.19  ptm  regime  with  a  full  width  at  half  maximum  f  33  meV  has 
been  routinely  achieved.  By  using  three  GalnNAs/GaAs  QWs  as  the  gain  medium  of  the  GalnNAs 
laser  room  temperature  operation  with  a  threshold  current  density  of  1.2kA/cm  has  been 
successfully  demonstrated.  ©  1999  American  Institute  of  Physics.  [S0003-6951(99)02834-X] 


Recently,  a  semiconductor  alloy,  Ga^In^NyAs,.^ , 
which  can  be  lattice  matched  or  strained  to  a  GaAs  substrate, 
has  been  extensively  studied  by  molecular  beam  epitaxy 
(MBE)1,2  and  organometallic  vapor  phase  epitaxy 
(OMVPE),3-5  since  a  great  potential  has  been  shown  to  re¬ 
alize  long-wavelength  edge-emitting  laser  diodes  and 
vertical-cavity  surface-emitting  laser  diodes  in  the  1.1— 1.3 
fun  regime  with  high-temperature  performance  for  future 
low-cost  and  high-capacity  optical  data  links.  So  far,  there 
are  many  papers  reported  about  epitaxial  growth  and  mate¬ 
rial  properties  of  GaNAs,6,7  GaNP,8'9  and  GalnNAs.  °- 
However,  reports  on  OMVPE  growth  of  almost  1.2  pxn 
GalnNAs  laser  diodes  are  very  few.  Sato  and  Satoh  reported 
the  room-temperature  (RT)  pulsed  operation  of  1.160  and 
1.185  /an  OMVPE-grown  laser  diodes  by  using  a  lattice- 
matched  GalnNAs  bulk  active  layer4  and  two  strained 
GalnNAs/GaAs  quantum  wells  (QWs),5  respectively.  How¬ 
ever,  the  threshold  current  densities  ( J *)  of  these  two  struc¬ 
tures  were  relatively  high  and  they  were  9.9  and  3.4kA/cm  , 
respectively.  Compared  to  GalnAs  laser  diodes,  many  stud¬ 
ies  reported  that  the  7*  of  GalnNAs  laser  diodes  exhibited  an 
increased  tendency  with  increasing  N  concentration  and  las¬ 
ing  wavelength,  ascribed  to  the  inferior  crystalline  quality  of 
GalnNAs.10,11  To  reduce  the  J*  of  long-wavelength 
(>  1.1  Atm)  GalnNAs  laser  diodes,  a  higher  optical  gain 
from  QWs  is  highly  desirable.  In  this  letter,  therefore,  we 
present  an  attempt  at  improving  the  Jlhof  an  OMVPE-grown 
GalnNAs  laser  diode  by  introducing  three 
Gao.7lno.3No.003Aso.997  (7  nm)/GaAs(10  nm)  (GalnNAs/ 
GaAs)  QWs. 

We  investigate  the  OMVPE  growth  and  characteriza¬ 
tions  of  three  GalnNAs/GaAs  QWs,  and  apply  them  to  the 
laser  diode  structure  similar  to  that  of  Sato  and  Satoh.  ’  Te 
memory  effects  on  the  optical  properties  of  OMVPE-grown 
GalnNAs/GaAs  QWs  is  briefly  described.  Optical  character- 
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PhotoVoltaics,  10420  Research  Road,  SE.  Albuquerque,  NM  87123.  Elec- 
tronic  mail:  nelson_li@cmcore.com 


istics  of  GalnNAs  laser  diodes  using  in  situ  hydrogen  chlo¬ 
ride  (HC1)  cleaning  and  OMVPE  regrowth  techniques  are 
analyzed  with  a  focus  toward  improving  the  7*.  We  suc¬ 
cessfully  demonstrate  the  RT  pulsed  operation  of  as-cleaved 
GalnNAs  laser  diodes  with  a  J*  of  1.2kA/cm2,  and  it  is  the 
lowest  value  among  the  GalnNAs  (Refs.  1—4)  laser  diodes 
reported  to  date. 

GalnNAs  three-quantum-well  (TQW)  laser  diodes  were 
grown  in  an  IR-heated,  horizontal  flow,  Thomas  Swan 
OMVPE  reactor,  equipped  with  a  gas  foil  rotation  system  for 
substrate  rotation.  The  typical  rotation  speed  of  a  2  in.  sub¬ 
strate  was  60  rpm.  Pd-diffused  ultra-high  purity  H2  was  used 
as  the  ambient  and  carrier  gas.  Three  undoped  GalnNAs/ 
GaAs  QWs  were  grown  at  535  °C  and  60  Torr  using  trim- 
ethylindium,  trimethylgallium,  100%  arsine  (AsH3),  and 
dimethylhydrazine  (DMHy).  For  the  GalnNAs  TQW  laser 
diode  structures,  diethyltellurium  (75  ppm  diluted  in  H2)  and 
carbontetrachloride  (508  ppm  diluted  in  H2),  were  used  as 
Te-  and  C-doping  precursor?,  respectively.  The  total  gas  flow 
rate  was  12  1/min,  and  the  typical  growth  rates  of  GalnNAs 
and  GaAs  were  5.4  and  8.0  A/s,  respectively.  The  ratio  of 
DMHy/(DMHy+AsH3)  was  typically  fixed  at  0.6.  The  In 
and  N  composition  were  determined  by  secondary  ion  mass 
spectroscopy  (SIMS)  and  high-resolution  x-ray  diffraction 
measurements.  Photoluminescence  (PL),  ellipsometry, 
SIMS,  and  light-current  (L-I)  characteristics  were  analyzed 
to  evaluate  the  optical  qualities  of  GalnNAs  laser  diodes. 

With  the  optimum  growth  condition  of  GalnNAs,  a  se¬ 
ries  of  samples  with  different  periods  (n=l-3)  of 
GalnNAs/GaAs  QWs  was  investigated.  The  GalnNAs/GaAs 
QWs  was  grown  on  an  N+  (100)  GaAs  substrate.  Initially,  a 
200-nm-thick  GaAs  buffer  layer  was  grown  at  725  °C,  and 
then  the  growth  temperature  was  decreased  to  535  °C  for 
GalnNAs/GaAs  QWs  and  a  GaAs  cap  layer  (50  nm).  A  typi¬ 
cal  RT  PL  result  of  three  GalnNAs/GaAs  QWs  is  shown  in 
Fig.  1.  The  PL  wavelength  for  the  three  GalnNAs/GaAs 
QWs  is  observed  at  1.186  /xm  with  a  full  width  at  half  maxi¬ 
mum  (FWHM)  of  33  meV,  indicating  the  quality  of  these 
QWs  is  excellent.  The  PL  intensity  as  a  function  of  die  pe- 
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FIG.  I.  Room-temperature  PL  spectrum  of  three 
Gao.7Ino  3N0  003 As0  997  /GaAs  QWs.  The  inset  shows  PL  intensity  as  a  func¬ 
tion  of  the  number  of  Gao.7Ino.3No.003Aso.997 /GaAs  QWs. 


nods  of  GalnNAs/GaAs  QWs  is  shown  in  the  inset  of  Fig.  1. 
It  is  apparently  shown  that  the  RT  PL  intensity  increases 
linearly  with  increasing  the  periods  of  GalnNAs/GaAs  QWs. 
This  experimental  result  demonstrates  that  the  J,h  of  Galn- 
NAs  laser  diodes  can  be  effectively  reduced  by  introducing 
the  three  GalnNAs/GaAs  QWs.  The  refractive  index  of 
strained  Gao7Ino.3No.003Aso.997  was  measured  to  be  4.22  by 
ellipsometry  and  simulations.13  The  ellipsometric  analysis  of 
the  three  GalnNAs/GaAs  QWs  is  based  on  the  double-layer 
model  developed  by  So.14  The  derived  refractive  index  of 
strained  GalnNAs  is  much  larger  than  that  of  GaAs,  AlGaAs, 
and  InGaP,  which  enables  GalnNAs  to  be  favorable  as  the 
active  region  for  long- wavelength  (>  1.1  ^m)  lasers. 

Figure  2  illustrates  the  layer  structure  of  a  GalnNAs 
TQW  laser  diode  grown  on  an  N+  GaAs  substrate  oriented 
6°  off  (100)  towards  (lll)A  in  the  following  sequence: 
n-GaAs:Te  buffer  layer  (200  nm,  n  =  2x  1018cm"3), 
n-Al0.3Gao7As:Te  lower  cladding  layer  (1400  nm,  n  =  2 
X  1018  graded  to  7  X 1017  cm  3),  undoped  active  region  (350 


p+-GaAs  cap 

p-AlxGaj_xAs:C  (x=0.3 — >0) 
P-AlojGao.7As:C  cladding  layer 

u-GaAs  waveguide  layer 
3  xGa^  7Ino  3Nq  qo3  A  s0  997/GaAs 
u-GaAs  waveguide  layer 
n‘Alo.3Gao7As:Te  cladding  layer 
n-GaAs:Te  buffer  layer 
n+-GaAs  substrate 

FIG.  2.  Schematic  structure  of  the  GalnNAs  TQW  laser  diode. 


FIG.  3.  Light  output  vs  current  characteristics  and  lasing  spectrum  of  a 
GalnNAs  TQW  laser.  The  cavity  length  and  stripe  width  are  500  and  15 
fun,  respectively. 


nm),  p-Alo^Ga^AsrC  upper  cladding  layer  (1400  nm,  p 
=  7X  1017  graded  to  2X  1018cm“3),  p-Al^Ga^AstC  grad¬ 
ing  layer  (100  nm,  *  =  0.3-0,  p  =  2X1018  graded  to  1 
X  1019cm  3),  and  p+-GaAs:C  contact  layer  (100  nm,  p  —  2 
X1019cm  3).  The  active  region  consists  of  three  strained 
Gaojlno  3N0  003 As0  997  (7  nm)/GaAs(10  nm)  QWs  sand¬ 
wiched  between  two  140-nm-thick  undoped  GaAs  wave¬ 
guide  layers. 

The  epitaxial  layers  described  above  were  then  pro¬ 
cessed  into  a  ridge-waveguide  structure  with  a  cavity  length 
of  500  pm  and  a  stripe  width  varying  from  2  to  15  pm .  We 
found  that  the  J ^  decreased  rapidly  with  increasing  the  stripe 
width,  mainly  due  to  reduced  scattering  loss  around  the 
ridge.  The  J lh  was  found  to  be  saturated  around  6  kA/cm2 
when  the  stripe  width  is  approaching  15  pm.  Figure  3  shows 
the  light  output  power  versus  injected  current  characteristics 
of  a  GalnNAs  TQW  laser  diode,  labeled  sample  A,  with  a 
stripe  width  of  15  pm  at  RT  under  pulsed  operation  with 
0.04  ps  pulse,  0.25%  duty  cycle.  The  7th  is  ~6  kA/cm2.  The 
lasing  spectrum  of  the  GalnNAs  TQW  laser  is  shown  in  the 
inset  of  Fig.  3.  The  threshold  current  is  450  mA  correspond¬ 
ing  to  the  7th  of  6  kA/cm2.  The  peak  lasing  wavelength  is 
about  1.187  pm.  So  far,  the  longest  lasing  wavelength 
achieved  in  this  study  is  1.195  pm.  Although  significant 
scattering  loss  presents  in  the  ridge-waveguide  structure,  the 
7th  of  this  GalnNAs  TQW  laser  diode,  however,  is  not  as 
good  as  expected  and  can  be  elucidated  from  the  following 
PL  results. 

A  systematic  PL  study  was  investigated  to  explore  the 
cause  of  high  7th  in  sample  A.  Figure  4  shows  RT  PL  of 
GalnNAs/GaAs  TQW  laser  diodes,  samples  A,  B,  and  C, 
grown  under  different  growth  conditions.  During  the  growth 
of  sample  A,  a  5  min  growth  interruption  was  introduced 
after  the  growth  of  1.4  pm  n-AlpjGao^AsrTe  cladding  layer 
to  minimize  the  Te  memory  effects  on  the  subsequent  growth 
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FIG.  4.  Room- temperature  PL  spectra  of  GalnNAs  TQWs,  samples  A,  B, 
and  C,  grown  under  different  growth  conditions. 

of  waveguide  layers  and  QWs.  Sample  B  was  nominally  the 
same  as  sample  A  except  all  epilayers  were  intentionally 
undoped.  As  shown  in  Fig.  4,  the  PL  intensity  of  sample  A  is 
very  weak  compared  to  sample  B.  SIMS  results  show  that 
—0.3-2  X 1020  cm-3  Te  atoms  exist  in  the  QWs  of  sample 
A,  possibly  attributed  to  the  desorption  of  DETe  from  the 
stainless  tube  walls,  the  quartz  reactor  walls,  or  the  graphite 
susceptor  during  the  low-temperature  growth  of  QWs,  since 
Te  has  a  tendency  to  incorporate  at  lower  growth  tempera¬ 
tures. 

To  circumvent  the  Te  memory  effect,  sample  C  was 
grown  by  using  in  situ  cleaning  and  regrowth  techniques. 
The  growth  was  stopped  after  the  deposition  of  a  20-nm- 
thick  lower  GaAs  waveguide  layer.  The  sample  was  then 
transferred  into  the  N2  ambient  glovebox  with  a  dew  point 
lower  than  -65°C,  corresponding  to  approximately  2.5 
ppm  H20  in  N2.  Finally,  in  situ  cleaning  quartz  reactor  and 
susceptor  under  HC1  was  earned  out  at  830  °C  for  20  min, 
followed  by  the  regrowth  of  undoped  lower  GaAs  waveguide 
(120  nm),  three  GalnNAs/GaAs  QWs,  undoped  upper  GaAs 
waveguide  (140  nm),  upper  p-AlGaAs  cladding  (1.4  /zm), 
and  p+-GaAs  cap  (100  nm)  layers.  The  PL  intensity  of 
sample  C  shows  almost  an  order  of  magnitude  higher  than 
that  of  sample  A,  and  is  comparable  to  that  of  sample  B, 
indicating  the  unintentional  Te  incorporation  in  the  QWs  was 
effectively  eliminated. 

Figure  5  shows  the  measured  RT  L-l  characteristics  of 
a  regrown  GalnNAs  TQW  laser  diode,  sample  C,  under 
pulsed  operations  with  a  0.3  yxs  pulse,  3%  duty  cycle.  The 
stripe  width  and  the  cavity  length  were  63  and  1000  fim, 
respectively.  The  threshold  current  of  sample  C  was  about 
750  mA,  corresponding  to  a  Jth  of  1.2kA/cm2.  This  is  a  low 
reported  RT  7*  for  an  as-cleaved  OMVPE-grown 


FIG.  5.  Pulsed  light  output  vs  current  characteristics  of  a  GalnNAs  TQW 
laser.  The  cavity  length  and  stripe  width  are  1000  and  63  /un,  respectively. 

Ga,-,KNvAs,_y  laser  ( 7*3=  3.4  kA/cm2)  with  an  emitting 
wavelength  longer  than  1.15  fim.  The  characteristic  tempera¬ 
ture  T0,  of  the  GalnNAs  TQW  laser  diode  was  -127K, 
determined  from  the  measurement  of  J*  from  0  t0  50  °C- 
These  data  are  very  close  to  the  Kondow  et  al.  result.  More 
details  on  optical  characteristics  of  these  laser  diodes  will  be 
reported  elsewhere.16 

In  summary,  the  optical  properties  of  OMVPE-grown 
Gao.7Ino.3No.003Aso.997  TQW  laser  diodes  have  been  investi¬ 
gated.  Significant  amounts  of  Te  (0.3-2  X 102  cm  )  were 
found  in  unintentionally  doped  GalnNAs/GaAs  QWs,  result¬ 
ing  in  the  poor  optical  properties  of  GalnNAs  laser  diodes. 
The  longest  lasing  wavelength  of  GalnNAs  laser  achieved  in 
this  study  is  ~1.2  /xm.  We  have  successfully  improved  the 
optical  performance  of  GalnNAs  laser  diodes  by  using  in  situ 
HCl  etching  and  OMVPE  regrowth  techniques  to  eliminate 
Te  carryover  in  the  QWs.  Room-temperature  pulsed  opera¬ 
tion  of  GalnNAs  laser  diodes  with  a  J*  of  1.2  kA/cm2  and  a 

of  — 127  K  have  been  successfully  demonstrated.  These 
results  are  the  best  values  reported  for  the  1.17-1.20  fim 
OMVPE-grown  Gaj  _xIn,Nv As,  _y  laser  diodes  with  compa- 
rahl p  Hpvice  structures. 
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abstract 

The  pulsed  (Jth  =1.0  kA/cm2  at  23  °C)  and  cw  (J«h=l-7  kA/cm2  at  9  °C) 
lasing  operation  (  X=1.17  pm)  of  an  8  pm-wide  oxide-confined  stripe-geometry 
GalnNAs/GaAs  MQW  laser  grown  by  MOCVD  on  a  6°-misoriented  GaAs 
substrate  are  demonstrated. 
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The  GalnNAs/GaAs  material  system  represents  a  promising  single-epitaxial-growth 
approach  for  achieving  long  wavelength  (1.3  pm)  surface-emitting  and  edge-emitting  lasers  with 
a  high  characteristic  temperature  T0  on  a  conventional  GaAs  substrate.  The  performance  of 
MOCVD-grown  GalnNAs/GaAs  quantum  well  (QW)  lasers  has  lagged  behind  that  of  MBE- 
grown  lasers  until  recently,  when  pulsed  lasing  operation  was  achieved  at  1.28  pm  by  a  single- 
QW  laser  with  a  threshold  current  density  of  =  800  A/cm2  [1],  and  at  1.17  pm  by  a  3QW  laser 
with  a  current  density  of  667  A/cm2  [2],  while  cw  lasing  was  achieved  at  1.24  pm  by  a  two-QW 
laser  with  a  Jth  =  660  A/cm2  [3]  using  broad-area  lasers  with  a  large  stripe  width  (-100  pm).  In 
order  to  reduce  the  width  to  smaller  and  more  practical  dimensions,  while  maintaining  planarity 
and  rmtiimiT-ing  the  effects  of  lateral  current  spreading,  GalnNAs  lasers  have  been  fabricated 
using  the  lateral  wet  oxidation  of  two  Al0.9gGa0.02 As  layers  adjacent  to  the  active  layer  to  confine 
the  current  to  a  smaller  active  area  aperture  (Fig.  1).  This  technique  is  readily  scalable  to  active 
area  dimensions  as  small  as  2  pm.  In  order  to  improve  upon  the  gain,  the  effect  of  (a)  increasing 
the  number  of  quantum  wells  (3QW),  and  (b)  epitaxial  growth  on  misoriented  substrates  (6°-off 
towards  [111]A)  have  also  been  investigated.  The  pulsed  and  cw  lasing  operation  of  a  3QW 
Ga0.7In0.3N0.003As0.997/GaAs  edge-emitting  laser  (X=1.17  pm)  have  been  achieved  near  room 
temperature  for  the  first  time  using  an  oxide-confined  laser  design  (Fig.  1),  with  the  low 
threshold  current  densities  of  1.0  kA/cm2  and  1.7  kA/cm2  (at  9  °C),  respectively,  for  a  narrow 
stripe  width  (8  pm).  The  active  region  consists  of  three  7  nm  thick  Gao.7Ino.3No.003Aso.997 
quantum  wells  separated  10  nm  thick  GaAs  barrier  layers,  and  is  bounded  on  either  side  by  a  140 
nm  thick  undoped  GaAs  waveguide  layer.  These  are  in-tum  bounded  by  p-doped  and  n-doped 
Alo  3Gao  7AS  cladding  layers,  respectively,  and  a  thin  Al0.9gGa0.02As  selective  oxidation  layer  was 
added  at  each  GaAs/AlGaAs  heterointerface.  The  epilayer  structure  was  grown  by  MOCVD  on 
n-type  (100)  GaAs  substrates  that  are  misoriented  by  6°  towards  [111] A,  which  have 
demonstrated  superior  photoluminescence  compared  to  structures  grown  on  0°-off  substrates. 

The  pulsed  lasing  characteristics  (for  pulses  of  varying  width,  3-5%  duty  cycle)  of  a 
GalnNAs  laser  (1  mm  cavity  length)  at  300  K  are  shown  in  Fig.  2,  which  shows  a  threshold 
current  ofI*=  82  mA  and  J^l  .02  kA/cm2  for  the  shortest  (300  ns)  pulses.  The  lasing  spectrum 
is  single  mode  to  I=1.2xlth,  with  a  side  mode  suppresion  ratio  (SMSR)  of  >20  dB.  Figure  2  also 
shows  the  lasing  characteristics  for  pulses  of  much  longer  duration  (up  to  1  ms),  which 
incorporate  the  effects  of  thermal  self-heating,  with  the  longer  pulses  approximating  quasi-cw 
lasing.  For  the  1  ms  pulses,  the  threshold  current  is  105  mA,  with  Jth=  1-3  kA/cm  . 

True  cw  lasing  characteristics  have  been  obtained  at  temperatures  as  high  as  10  C,  and 
are  plotted  in  Figure  3  for  several  temperatures.  The  cw  threshold  current  Ith  is  98  mA  (Jth=l-2 
kA/cm2)  at  0  °C,  and  is  138  mA  (J«h=l  .7  kA/cm2)  at  9  °C.  These  are  the  lowest  threshold  current 


November  10,  1999. 


Proceedings  of  the  1999  LEOS  Annual  Meeting,  San  Francisco,  CA. 

densities  achieved  by  a  MOCVI^own  ^  a  ^  ^ 

“L UV  under  sL,  pulse  operation,  -  b 

~2V  under  cw  operation  at  6  °C. 

HI.  F.  Hohnsdorf,  J.  Koch,  S_ Leu,  W.  State, ^ jSneVgS.2' 19"' 

[|  s.  Sato  and  S*  Satoh,  IEEEW*  int.  Semiconductor  Laser  Cent.,  PD-5,  Nara,  Japan,  1998. 


p-GaAs  Contact  Layer 


p-AIGaAs  Cladding  Layer 
(1.2pm) 


n-AIGaAs  Cladding  Layer 
(1.5pm) 


n-GaAs  Buffer  Layer 
n-GaAs  Substrate 


Figure  1 .  Schematic  epilayer  structure 
and  device  design  of  an  oxide- 
confined  GalnNAs  laser. 
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:ig.  2.  The  electrical  and  pulsed  lasing  cha!a?^5  Slrt 
,00  K  for  pulses  of  different  widths  (300  ns  to  1  ms)  and 
i  duty  factor  of  3%-5%.  The  insets  show  the  lasing  spectra 
sr  300  ns  pulses  under  different  bias  conditions. 
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Efficient  Continuous-Wave  Lasing 
Operation  of  a  Narrow-Stripe  Oxide- 
Confined,  falnNAs/GaAs  Multi-Quantum 

Well  Laser  Grown  by  MOCVD 
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Abstract:  Efficient  cw  lasing  operation  has  been 

achieved  above  room  temperature  by  a  triple-quantum 
well  GalnNAs/GaAs  laser  diode  grown  on  a  6°- 
misoriented  GaAs  substrate  by  MOCVD.  Using  a 
planar,  oxide-confined,  narrow-stripe  (8  pm)  laser 
geometry,  continuous-wave  lasing  operation  was 
achieved  over  a  wide  range  of  temperatures  up  to  57  °C. 

At  room  temperature,  lasing  occurs  at  a  wavelength  of 
1.16  pm,  with  a  high  single-facet  slope  efficiency  of  25% 
and  a  threshold  current  density  of  1.3  kA/cm  . 

The  GalnNAs/GaAs  material  system  represents  a 
promising  single-epitaxial-growth  approach  for  achieving 
long  wavelength  (1 .3  pm)  vertical-cavity  surface-emitting 
lasers  (VCSEL’s)  on  a  conventional  GaAs  substrate  [1],  as 
well  as  edge-emitting  lasers  with  a  high  characteristic 
temperature  T„.  The  growth  of  GalnNAs  quantum  wells  on 
GaAs  substrates  can  take  advantage  of  the  larger  refractive 
index  difference  of  AlGaAs/AlAs-based  distributed  Bragg 
reflector  (DBR)  mirrors  to  grow  VCSELs  with  a  more 
tractable  total  thickness,  which  is  a  distinct  advantage  over 
the  use  of  InP-based  DBR  structures.  Compared  to  the  long 
wavelength  laser  diodes  based  on  GalnAsP  alloys,  the 
GalnNAs/AlGaAs-based  laser  structures  can  provide  better 
electron  confinement,  giving  rise  to  a  larger  T0  and  reduced 
temperature  sensitivity  for  the  laser  [1-4].  The  value  of  T„ 
has  previously  been  determined  to  be  —125  K.,  which  was 
obtained  mostly  under  pulsed  lasing  operation.  The  lowest 
threshold  current  density  for  pulsed  lasing  operation  was 
achieved  at  1.28  pm  by  a  single-quantum  well  (SQW)  laser 
with  a  threshold  current  density  of  J*  =  800  A/cm  [5],  and 
at  1.17  pm  by  a  3QW  laser  with  a  current  density  of  667 
A/cm2  [6].  Until  recently,  cw  lasing  for  GalnNAs  lasers  has 
only  been  achieved  at  room  temperature  by  a  SQW,  1.3  pm 
laser  grown  by  MBE  [7],  with  1*=  6.3  kA/cm ,  and  by  a 
two-QW,  1.3  pm  ridge  waveguide  laser  grown  by  MOCVD 
[8],  the  latter  with  J*=  1.2  kA/cm2.  In  order  to  achieve 
efficient  cw  lasing  operation  over  a  wide  range  of 
temperatures  above  room  temperature,  the  operating  current 
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must  be  reduced  by  decreasing  the  width  of  the  active  region  ■ 
to  much  smaller  dimensions.  A  simple  means  for  achieving  | 
this  while  maintaining  planarity  and  minimizing  the  effects  of 
lateral  current  spreading  is  to  confine  the  current  to  a  small  _ 
active  area  aperture  by  using  the  lateral  wet  oxidation  of  one  9 
or  more  Alo.9gGao.02As  layers  that  are  adjacent  to  the  active  ■ 
layer  [10,11].  This  technique  is  readily  scaleable  to  active 
area  dimensions  as  small  as  2  pm.  | 

In  this  letter,  the  room-temperature  cw  lasing 
operation  of  a  3QW  GalnNAs  edge-emitting  laser  has  been  _ 
achieved  for  the  first  time  using  a  lateral  oxide-confinement  ■ 
design.  The  cw  lasing  operation  was  achieved  over  a  wide  ■ 
range  of  temperatures  (up  to  57°C),  with  reasonably  low 
threshold  current  density  (0.98  kA/cm2  at  0  °C,  and  1.3  H 
kA/cm2  at  23  °C),  high  slope  efficiency  (28.5  %  per  facet  at  J| 
0°C,  25  %  at  23  °C)  for  devices  with  a  narrow  stripe  width  (8 
pm).  CW  lasing  occurs  at  room  temperature  with  an  emission  _ 
wavelength  of -1.16  pm,  a  threshold  current  of  76  mA  (J*  =  ■ 

1 .3  kA/cm2),  and  a  high  single-facet  slope  efficiency  of  25%. 

The  active  region  of  the  laser  diode  consists  of  three  I 
7  nm  thick  Gao.7Ino.3No.003Aso.997  quantum  wells  separated  by  | 
10  nm  thick  GaAs  barrier  layers,  and  is  bounded  on  either 
side  by  a  140  nm  thick  undoped  GaAs  waveguide  layer.  _ 
These  are  in-tum  bounded  by  p-doped  and  n-doped  fl 
Alo.3Gao.7As  cladding  layers  with  a  thickness  of  1.2  pm  and 
1.5  pm,  respectively,  and  a  thin  Alo.9gGao.02As  selective 
oxidation  layer  was  added  at  each  GaAs/AlGaAs  ■ 
heterointerface.  The  epilayer  structure  was  grown  by  ■ 
MOCVD  on  n-type  (100)  GaAs  substrates  that  are 
misoriented  by  6°  towards  [111]A,  which  have  demonstrated  ™ 
superior  photoluminescence  (-30%  higher  radiative  | 
efficiency)  compared  to  structures  grown  on  0°-off  substrates 
[6].  The  growth  was  performed  by  low  pressure  MOCVD 
using  dimethylhydrazine  (DMHy)  as  die  nitrogen  source,  and  ■ 
the  growth  conditions  have  been  described  elsewhere  [6].  ■ 

The  lasers  were  fabricated  by  first  patterning  and™ 
depositing  the  Ti/Pt/Au  p-contact  metal  stripes  (65  pm  wide),J 
then  dry  etching  9 1  pm-wide  mesas  down  to  the  substrate,  and 
using  selective  lateral  wet  oxidation  of  the  two  Alo.98Gao.02As 
layers  adjacent  to  die  active  region  to  define  oxide  layers  that® 
effectively  confine  the  current  to  a  small  active  area  aperture® 
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(8  pm  wide).  The  substrate  was  then  thinned  to  a  thickness 
of  -120  tun,  and  AuGe/Ni/Au  n-contact  metal  was 
deposited  on  the  back  substrate  surface.  The  samples  were 
cleaved  into  bars  720  pm  in  length  and  were  bonded  onto 
copper  heat  sinks  prior  to  device  characterization. 
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Fione  1  a)  CW  output  power  and  voltage  versus  current  for  a  narrow- 
stripT  oxide-confined  laser  diode  (L  =  720  pm.  W  -  8  pm)  ^various 
tmperatures.  b)  Single  facet  power  conversion  efficiency  and  slope 
efficiency  for  the  same  laser  diode  at  0  "C  and  23  *C. 

The  electrical  and  cw  lasing  characteristics  of  a 
narrow-stripe  oxide-confined  GalnNAs  laser  (L  =  720  pm 
lone  W  =  8  pm  wide)  at  temperatures  ranging  from  0  C  to 
54  °C  are  shown  in  Fig.  1.  The  characteristics  at  room 
temperature  show  a  threshold  current  of  76  mA  (Jft  1.3 
kA/cm2),  a  threshold  voltage  of  1.70  V,  a  single-facet  slope 
efficiency  of  25%  and  a  single-facet  power  conversion 
efficiency  of  6.3%,  and  an  output  power  of  23  mW  at  a  bias 
current  of  200  mA.  The  corresponding  parametersforOC 
operation  are  57  mA  (J*  =  0.98  kA/cm  ),  1.66  V,  28.5 /o 
8.1%,  and  31  mW,  respectively.  The  threshold  current 
increases  with  temperature,  and  cw  lasing  is  observed  over  a 
wide  temperature  range  up  to  57  °C.  The  device  also  shows 
good  dc  electrical  characteristics,  with  a  turn-on  voltage  of 
1  35  V  and  a  very  low  series  resistance  of  2  Cl.  The 
operating  voltage  of  the  laser  diode  remains  less  than  2  V 
for  drive  currents  up  to  200  mA  throughout  the  entire 
temperature  range  from  0  °C  to  54  °C.  Figure  2  plots  the 
inverse  external  slope  efficiency  (for  both  facets)  as  a 
function  of  the  cavity  length  for  a  number  of  different 
GalnNAs  lasers  under  cw  lasing  operation.  From  the  slope 
and  the  y-axis  intercept,  the  internal  optical  loss  («i-4.2  cm 
')  and  internal  quantum  efficiency  (j?i=0.64)  have  been 
calculated.  Excellent  electrical  and  cw  lasing  performance 
has  thus  been  achieved  for  Ihe  first  time  by  a  MOCVD- 
grown  GalnNAs  laser  with  an  oxide-confined  stripe  width 
below  10  pm,  with  low  threshold  current  density,  low 
operating  voltage,  high  differential  slope  efficiency  and 
power  conversion  efficiency,  and  a  wide  temperature  range 
for  cw  lasing  operation. 


Stripe  Length  (um) 

Figure  2.  The  inverse  external  slope  efficiency  of  a  GalnNAs  las" 
facets)  as  a  function  of  the  cavity  length  at  room  temperature.  From  the  slope 
and  y-intercept,  the  optical  loss  (erf=4.2  cm'1)  and  internal  quantum  efficiency 
(»; i=0.64)  have  been  calculated. 

Figure  3  shows  the  room  temperature  cw  lasing  spectra 
of  the  GalnNAs  MQW  laser  under  different  bias  currents.  The 
lasing  spectrum  is  single  mode  at  bias  currents  up  to  *=1 .2x1*, 
with  a  side  mode  suppression  ratio  (SMSR)  of -20  dB.  Ihe 
peak  emission  wavelength  of  the  laser  diode  is  1.154  pm  near 
threshold,  and  shifts  to  a  longer  wavelength  with  increasing 
drive  current  At  bias  currents 


drive  current.  At  mas  currcma  auuy  /nfiSp JOJlUOU  wr  r 
lasing  modes  occur.  These  represent  differed  vriuiSverse 
modes  with  a  wavelength  spacing  of  -2  nm,  which  is 
consistent  with  the  transverse  dimension  of  the  cavity  that  is 
defined  by  the  etched  mesa  (91  pm). 


a)  I  =  70  mA 
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c)  I  =  90  mA 
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Figure  3.  Emission  spectra  of  the  GalnNAs/GaAs  MQW  laser  diode  under  < 
operation  at  room  temperature  with  different  drive  currents. 
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Finally,  the  temperature  dependence  of  the  lasmg 
characteristics  has  been  studied.  Figure  3  plote  the  loganton 
of  the  threshold  current  I*  for  both  pulsed  and  cw  lasmg.as  a 
function  of  the  substrate  temperature  Ts  from  whtch  the 

of  125  K.  How.v« £ £ 
operation  the  fit  is  nonlinear,  givmg  a  value  of  T.  that  vmes 
from  ~85  K  at  lower  temperatures  to  ~56  K  at  high 
temperatures.  It  can  be  shown  that  most  of  thisnon- 
linearity  is  due  to  thermal  self-heatmg,  which  raises  the 
junction  temperature  Tj  substantially  above  the  measured 
ambient  temperature  Ts.  The  rise  in  junction  temperature 
(AT-  =T,-TS)  is  governed  by  ATj  -  R**Pd>  where  R*  is  e 
theiinal  resistance  and  Pd  is  the  measured  power  dissipatmm 
The  value  of  R*  (420  K/W)  is  obtamed  by  measuring  the 
shift  in  emission  wavelength  EX  with  increasing  powej 
dissipation  Pd  (i.e.,  by  increasmg  the  bias  current)  and 
relating  ATj  to  EX  using  the  known  temperature  dependence 
of  the  bandgap  wavelength  (dX/dT~0.48  nm/K  [1]),  which  is 
corroborated  by  the  measured  temperature  dependence  of 
the  lasing  wavelength  for  this  device  near  threshold 
(dX/dT~0.5  nm/K).  After  calculating  the  internal  junction 
temperature  Tj  at  threshold,  log  (1a)  is  replotted  as  a 
function  of  T  in  Fig.  4,  which  shows  a  good  linear  fit  over 
“etlgeof  tLperature  from  to  54‘C.From  dus 
fit,  the  characteristic  temperature  (T0)  is  calculated  to  be  1 
K,  which  is  in  close  agreement  with  the  value  (125  K) 
derived  from  the  pulsed  lasing  measurements.  This  shows 
that  the  reduction  of  T0  for  cw  lasing  is  F^anly  due  to 
thermal  self  heating  caused  by  a  relatively  high  therm 
resistance,  which  can  be  substantially  reduced  using  better 
packaging  to  achieve  a  T0  that  is  closer  to  its (intrinsic  value 
f  125  K  for  an  improved  high  temperature  performance. 


Junction  Temperature.  T,  (K) 
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In  conclusion,  we  have  experimentally  demonstrated, 
for  the  first  time,  the  efficient  cw  lasing  operation  of  a 
MOCVD-grown,  narrow-stripe,  oxide-confined  Nttjw 
GalnNAs  laser  diode  (L  =  720  pm,  W  =  8  pm)  at 
temperatures  up  to  57  °C  (thermal  cut-off).  Expert  cw 
device  performance  was  achieved,  including  a  low  threshold 
current  density  (1.3  kA/cm2),  low  operating  voltage  (<1-7V), 
high  differential  slope  efficiency  (-50%  for  bolh  facets  at  23 
°C)  and  power  conversion  efficiency  (13%  for  both  facets  at 
23  °C),  and  a  wide  temperature  range  for  cw  operation  (up  to 

57  °C). 
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Figure  4.  Tpmnerature  dependence  of  threshold  current  for_the 
GalnNAs/GaAs  MOW  laser  under  cw  and  pulsed  operations. 
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Very  Low  Threshold  Current  Density  Room 
Temperature  Continuous-Wave  Lasing  from  a 
Single-Layer  InAs  Quantum  Dot  Laser 


Xiaodong  Huang,  A.  Stintz,  C.  P.  Hains,  Julian  Cheng,  and  K.  J.  Malloy. 


Abstract—  Continuum-™"  5 

low  threshold  current  density  (J*  -  32.5  A/c  ) 
l  i  ved  at  room  temperature  by  a  ridge  wavegu.dequanmmdot 
1 1®  laser  containing  a  single  InAs  QD  layer  embedded  ^tiun  a 

SrlSSe)1"^  proceeds* via^the  QDgrotnid  state  with  an 

-is  irar.i  -  z&tzs  ss  ^ 

bl  .  differential  clap,  dhtoey  -*%  and 
peak  output  power  of  >10  mW  per  facet  (uncoated). 

Index  Terms-Quantum  dots,  semiconductor  lasers,  epitaxial 
growth,  electroluminescence 

Since  it  was  first  proposed  [1],  self-organized M 
dot  (QD)  layers  [2]  have  been  used  successfully  as  the  activ 
gain  medium  for  edge-emitting  lasers  operating ;m ^13^ 
wavelength  range  [3]-[8],  and- Tor  vertical-cavity  surface 
emitting  lasers  (VCSEL’s)  emitting  at  shorter  wavelengths  [3], 
r91-ri01  For  many  future  optic  communication  and 
interconnect  applications,  it  is  desirable  to  achieve  lasers  that 
can  operate  at  a  much  lower  threshold  current  density  whi 
£3*  lasing  efficiency  and  high  oujut  power  ^d 
nroviding  a  higher  characteristic  temperature  T0;  One  of  tne 
advantages  of  QD  lasers  is  their  potential  for  achieving  a  long 
SS  optical  source  on  a  GaAs  substrate  witii  an 
extremelylow  threshold  current  density,  whose  value  has  been 
theoretically  predicted  to  be  ~10A/cm  for  QD  layers  with 
10%  size  dispersion  [11].  Approaching  this  limit  has  posed  a 
££  Saltage  »  lU  oystal  gmwth  und  dm**  *■£ 
especially  for  QD  lasers  operating  near  1.3  pm,  where  die 

of  th.  QD  lay-  I", 

saturates  at  values  that  are  often  less  than  10  cm  .  Efticien 
lasing  especially  continuous-wave  (cw)  lasing  above  roo 
S’raSe  thus  requires  lasers  with  a  higher  modal  gam  and 
very  low  optical  losses,  as  well  as  reduced  self-heating.  In  this 
Sr  we  describe  Jhe  achievement  of  efficient  cw  lasrng 
operation  of  edae-^.itting  QD  lasers  m  the  ground  state 
(X-L25  pmj  Miimperatures  up  to  40  °C;  us“g  a 

waveguidegeometry  with  a  narrow  stnpe  width.  These  la se 

supported  in  part  by  the  DARPA  Optoelectronic  Materials  Center  at  UNM. 


are  based  on  a  single  layer  of  InAs  quantum  dote  embedded 

within  an  InGaAs  quantum  well  (re.,  a  * 5*'m'^Li on 
DWELL  structure  [8]),  which  provides  a  higher  mjection 
efficiency  and  larger  optical  gain.  A  very  low  cw  lasrng 
threshold  current  density  of  Jft=32.5A/cm2  has  been  achieved 
at  room  temperature  using  a  9.2  mm  long  cavity r  with  un coated 
facets  and  a  stripe  width  of  W=20  pm,  which  is  the  lowest 
value  ever  reported.  CW  lasing  occurred  m  the  ground  state  of 
the  QD  lasers  whose  cavity  length  L  is  greater  than  .  • 

For  L=5  mm,  cw  lasing  occurred  in  the  ground  sta 
rcmpora turns  as  high  as  40  -C,  wtt  . 
temperature  of  T.-  41  K  near  rcxrn  tempera™-  Xk 
achieved  a  differential  slope  efficiency  of  32%  md a  P«* 
output  power  of  >10  mW  per  (uncoated)  fhcet,  and  the 

estimated  internal  losses  are  4.4  cm  . 


line)  with  a  FWHM  above  threshold,  (d) 

The  QD  laser  structure  follows  the  design  reported  in 
Ref.  [7]  and  [8],  and  was  grown  by  solid-source  mol iecuar 
beam  epitaxy  (MBE)  on  a  (001)  n  "GaAs  t. 

epilayer  structure  consists  of  a  300  nm  thick  n-GaAs  (10 
3)  buffer,  a  2  pm  thick  n- Alo^ao:!  As  (10  on  )  ow 
cladding  layer,  a  219  nm  thick  GaAs  waveguide  layer  m 
which  the  active  “dot  in  a  well”  (DWELL)  layer  is 
a  50  nm  thick  p-Alo.9sGao.02As  layer  (10  cm  ),  a 
thick  p-Alo.7Gao.3As  (1017  cm'3)  upper  claddmg  layer,  and  a  60 
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nm  thick  n+-GaAs  (3xl019  cm'3)  cap.  The  single  DWELL 
layer,  which  is  situated  in  the  middle  of  the  GaAs  waveguide 
layer,  contains  InAs  QD’s  with  an  equivalent  coverage  of  2.4 
monolayers,  which  are  embedded  within  a  9.6  nm 
Ino.15Gao.g5As  quantum  well  (QW).  The  grow*  temperature  is 
510  °C  for  the  QD’s  and  the  QW,  but  is  610  °C  for  the  rest  of 
the  layers.  Quantum  dots  formed  under  these  condition  usually 
have  a  density  of  7xl010cm'2.  The  insertion  of  an 
Alo.9gGao.02As  layer  makes  it  possible  to  fabricate  a  narrow  Al- 
oxide  confined  inner  stripe  laser  with  a  planar  structure  by 
selective  wet  oxidation.  In  this  work,  standard  ridge 
waveguide  structures  with  a  ridge  width  of  20  itm  or  16  pm 
were  fabricated. 


Current(mA) 

Fig.  2.  Hie  room  temperature,  single-facet,  cw  lasing  characteristics  of  three 
QD  lasers  with  different  cavity  lengths:  (a)  L=5  nun,  W=  16  pm,  (b)  L=5.6 
mm,  W=  16  pm,  (c)  L=9.2  mm,  W=  20  pm. 

Device  fabrication  begins  with  formation  of  the  ridges 
by  wet  chemical  etching,  followed  by  PECVD  deposition  of  a 
thin  Si3N4  film  and  plasma  etching  windows  in  the  nitride 
above  the  ridges  to  define  the  stripe  width  and  the  contact 
area.  After  e-beam  deposition  of  the  Ti/Pt/Au  p-contact,  the 
sample  substrate  is  lapped  down  to  a  thickness  of  -125  pm, 
and  AuGe/Ni/Au  is  e-beam  deposited  on  the  substrate  to  form 
the  n-contact.  The  wafer  is  then  cleaved  into  laser  bars  with  a 


at  1.25  pm.  Fig.l  (c)  shows  the  excited  state  lasing  spectrum 
(-1.1 8pm)  of  a  shorter  laser  with  L  =  4  mm  and  W  =  20  pm, 
with  J*  =  143.2  A/cm2. 


Cavity  Length(mm) 


Fig.  3.  The  inverse  differential  slope  efficiency  1/rid  (for  both  facets)  plotted 
as  a  function  of  the  cavity  length  L  under  bothew  lasing  conditions.  The  y- 
intercept  yields  the  internal  quantum  efficiency  r\u  (60%)  while  die  slope 
yields  the  internal  optical  loss  an  (4 .4  cm’1). 
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Fig.  4.  The  electrical  characteristics  and  the  single-facet,  cw  lasing 
characteristics  of  a  DWELL  laser  at  different  temperatures. 


cavity  length  (L)  ranging  from  3.0  mm  to  9.2  mm,  whose 
facets  are  uncoated.  For  cw  measurements,  the  lasers  were 
soldered  to  a  Cu  heat  sink  in  the  n-side  down  configuration. 

Room  temperature  photoluminescence  (PL) 
measurement  of  the  as-grown  wafer  is  shown  in  Fig.l  (a).  The 
ground  state  PL  peak  has  a  narrower  spectral  full-width  at 
half-maximum  (FWHM  «34  meV)  than  the  PL  results 
reported  in  Ref.  [8],  indicating  the  improved  homogeneity  of 
the  QD’s.  No  luminescence  from  the  InGaAs  QW  is  observed. 
Fig.l  also  shows  the  room  temperature  electroluminescence 
(EL)  and  lasing  spectra  of  two  lasers  with  different  lengths 
under  cw  operation.  Depending  on  cavity  length,  lasing 
proceeds  via  either  the  ground  state  (k»1.25  pm)  or  the  first 
excited  state  (X«1.18  pm).  For  the  laser  with  L=  5  mm  and 
W=16  pm,  lasing  occurs  in  the  ground  state  with  a  threshold 
current  density  of  1*=  47.4  A/cm  .  Fig.  1  (b)  and  (c)  show  the 
EL  spectra  of  this  laser  below  threshold  (I  =  0.921*)  and  above 
threshold  (1  =  1.31*),  respectively,  both  of  which  are  centered 


CW  lasing  with  a  threshold  current  density  below  50 
A/cm2  has  been  achieved  in  the  ground  state  when  L  >  5  mm. 
Fig.  2  shows  die  single-facet  cw  lasing  characteristics  of  three 
lasers  with  different  cavity  lengths  .  For  die  laser  with  L  =  5.6 
mm  and  W  =  20  pm  (Fig.  2a),  the  threshold  current  density  is 
J*  =  43. 5 A/cm2  and  the  cw  light  output  from  a  single  facet 
exceeds  10  mW.  Its  lasing  spectrum  near  threshold  (1=  1.061*) 
is  shown  in  the  inset  of  Fig.  2.  Due  to  the  smaller  power 
dissipation  of  a  narrow-stripe  ridge  waveguide  structure, 
thermal  rollover  is  reduced  and  cw  lasing  occurs  even  at  a  bias 
current  of  1=31*.  For  the  device  with  L  =  5  mm  and  W  =  16 
pm  (Fig.  2b),  the  threshold  current  density  is  J*  =  47.4  A/cm2, 
and  the  peak  differential  slope  efficiency  (r|d)  for  both  facets  is 
32%.  The  lowest  value  of  J*  obtained  under  cw  lasing 
operation  is  32.5  A/cm2  (Fig.  2c),  and  28.5  A/cm2  for  pulsed 
lasing  operation,  using  a  laser  with  L  =  92  mm  and  W  =  20 
pm.  The  lowest  threshold  current  densities  reported  previously 
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for  QD  lasers  at  room  temperature  were  ~60  A/cm2  for  cw 
operation  [3],  [6]  and  26  A/cm2  for  pulsed  operation  183- 

Figure  3  shows  the  linear  dependence  of  the  inverse 
differential  slope  efficiency  rid'1  (for  both  facets)  on  the  cavity 
length  L,  from  which  the  internal  quantum  efficiency  (r\  - 
60%)  and  die  internal  optical  loss  (<cq>=  4.4  cm' )  were 
derived.  For  shorter  cavity  lengths  (L  <  4.2  mm),  cw  lasing 
shifts  to  the  first  excited  state  (X,  =  1.18  pm).  The  threshold 
gain  of  the  shortest  laser  that  is  capable  of  lasing  in  the  ground 
state  is  calculated  to  be  7  cm'1,  assuming  a  facet  reflectivity  of 
0  32  Thus  the  modal  gain  of  a  single  InAs  QD  layer  in  the 
ground  state  saturates  at  ~7  cm'1,  which  is  very  low  compared 
to  that  of  a  single  QW. 


that  is  required  to  achieve  lasing  and  the  closer  it  is  to 
saturation.  Gain  saturation  causes  increased  band  filling  in  the 
excited  state,  which  competes  with  the  ground  state  for 
carriers  and  thus  increases  J*  for  ground  state  lasing.  A  lower 
T0  is  thus  expected  for  a  laser  whose  modal  gain  in  the  ground 
state  is  near  saturation.  Since  the  cavity  loss  of  the  5  mm  laser 
is  ~6  7  cm'1,  its  modal  gain  is  operating  very  close  to  gain 
saturation  in  the  ground  state  (~7  cm'1),  giving  rise  to  a 
relatively  small  T0.  The  ratio  of  the  modal  gam  to  its 
saturation  value  is  thus  an  important  parameter  that  describes 
the  degree  of  band  filling.  A  higher  gain  saturation  limit  is 
thus  desirable  for  improving  the  performance  of  QD  lasers, 
especially  for  achieving  a  larger  T0.  Multiple  QD  layers  can 
also  be  useful  in  alleviating  the  gain  saturation  problem  [12]. 

In  summary,  we  have  demonstrated  the  efficient  cw 
lasing  of  InAs  QD  lasers  at  temperatures  ranging  from  13.6  C 
to  40.0  °C,  and  have  achieved  a  very  low  threshold  current 
density  (J*  =  32.5  A/cm2)  and  a  characteristic  temperature  of 
T0=41  K.  Lasing  has  been  realized  via  either  the  ground  state 
or  the  excited  state  depending  on  cavity  length.  Lasers  with  a 
slope  efficiency  of  32%,  and  an  output  power  of  1 1  mW/facet 
have  been  achieved  using  a  5  mm  long  laser  cavity. 
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The  temperature  dependence  of  the  threshold  current  of  a 
QD  laser  with  L=5  mm  and  W=16pm  has  been  measured 
under  both  cw  and  pulsed  operation  (300  ns  pulses  with  a  duty 
cycle  of  2.5%).  Figure  4  shows  the  single-facet  cw  lasing 
characteristics  and  electrical  characteristics  of  this  laser  at 
temperatures  ranging  from  13.6  °C  to  46.9  °C.  The  threshold 
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thermally  activated  earner  loss  at  higher  temperatures,  and  the 
increased  band-filling  in  the  first  excited  state  as  the  ground 
state  gain  becomes  saturated.  The  measured  slope  efficiency 
decreases  with  increasing  temperature,  but  rises  again  after 
lasing  has  shifted  to  die  excited  state. 

Fig.  5  plots  the  temperature  dependence  of  the  cw  and 
pulsed  threshold  currents,  from  which  the  characteristic 
temperature,  T„,  has  been  determined.  At  temperatures  below 
40  °C  T  is  32  7  K  for  cw  operation  and  is  41 .3  K  for  pulsed 
operation.  Above  40  °C,  these  values  of  T0  jump  to  70.7  K  and 
84.2  K,  respectively,  as  lasing  switches  into  the  excited  state. 
The  higher  T0  of  the  excited  state  is  a  consequence  of  its 
higher  degeneracy  and  larger  density  of  state.  In  the  ground 
state,  T0  depends  strongly  on  the  cavity  loss  [7],  which 
determines  the  proximity  of  the  ground  state  modal  gain  to 
saturation.  The  higher  the  loss,  the  higher  is  the  modal  gam 
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FIGURE  CAPTION 

Fig.  1.  (a)  The  photoluminescence  spectrum  of  the  as-grown 
wafer  (dashed  line)  with  a  FWHM  of  34  meV,  (b)  and  (c)  the 
eletroluminescence  and  ground  state  lasing  spectra  of  a  5  mm 
QD  laser  below  and  above  threshold,  (d)  the  excited  state 
lasing  spectrum  for  a  4  mm  QD  laser  above  threshold. 

Fig.  2.  The  room  temperature,  single-facet,  cw  lasing 
characteristics  of  three  QD  lasers  with  different  cavity  lengths: 
(a)  L=5  mm,  W=  16  pm,  (b)  L=5.6  mm,  W=  16  pm,  (c)  L=9.2 
mm,  W=  20  pm. 

Fig.  3.  The  inverse  differential  slope  efficiency  1/t),j  (for  both 
facets)  plotted  as  a  function  of  the  cavity  length  L  under  both 
pulsed  (?)  lasing  conditions.  The  y-intercept  yields  the 
internal  quantum  efficiency  r|i,  while  the  slope  uields  the 
internal  optical  loss  04. 

Fig.  4.  The  electrical  characteristics  and  the  single-facet,  cw 
lasing  characteristics  of  a  QD  laser  at  different  temperatures. 

Fig.  5.  Temperature  dependence  of  the  threshold  current  for 
both  cw  lasing  (closed  circles)  and  pulsed  lasing  (open 
circles).  Lasing  occurs  in  the  ground  state  below  3 13  K,  and  in 
the  excited  state  above  3 1 3  K. 
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Efficient  Double  Intracavity-Contacted  Vertical- 
Cavity  Surface-Emitting  Lasers  with  Very  Low 
Threshold  and  Low  Power  D  issipation  Designed 
for  Cryogenic  Applications 

Kai  Yang,  C.P.  Hams,  and  Julian  Cheng,  Senior  Member  IEEE 


Abstract  -  Efficient  continuous  wave  operation  of  oxide- 
confined  double  intracavity-contacted  InGaAs  /GaAs 
vertical-cavity  surface-emitting  lasers  (VCSEL)  with 
low  threshold  voltage  and  low  power  dissipation  has 
been  achieved  over  a  wide  range  of  cryogenic 
temperatures  (77K  to  250K).  Low  operating  voltages 
were  obtained  by  routing  current  through  two  intra¬ 
cavity  contacts  to  bypass  both  distributed  Bragg 
reflector  (DBR)  mirrors,  while  lower  optical  losses  were 
achieved  by  using  undoped  DBR  mirrors  with  abrupt 
heterointerfaces.  This  resulted  in  low  operating  voltages 
(<1.6V),  submilliampere  threshold  currents  (1*  ~  0.15 
mA),  low  power  dissipation  (<0.9  mW  at  threshold)  and 
a  high  power  conversion  efficiency  (n«ff =  31  %)• 


High-speed  optical  links  based  on  VCSELs  can 
provide  power-efficient  optical  transfer  of  high-speed 
analog  or  digitized  image  data  from  infrared  sensor  arrays 
housed  in  a  cryogenic  environment  to  external  electronic 
signal  processors  that  may  be  situated  locally  or  at  some 
distance  away.  An  optical  link  can  provide  both  electrical 
and  thermal  isolation,  as  well  as  a  larger  bandwidth  and  a 
longer  link  span  between  the  imaging  array  and  the  external 
processing  electronics. 

Vertical-cavity  surface-emitting  lasers  (VCSEL’ s) 
ram  be  designed  for  optimum  performance  at  any  desired 
temperature  range  by  adjusting  the  relative  positions  of  the 
lasing  mode  and  the  gain  peak  [1].  VCSELs  operating  at 
cryogenic  temperatures  offer  superior  lasing  performance 
as  a  result  of  a  higher  differential  gain  coefficient,  a  higher 
quantum  efficiency,  lower  losses,  and  lower  noise,  resulting 
in  a  higher  modulation  bandwidth  [2],  lower  power 
dissipation,  and  a  higher  power  conversion  efficiency. 
Properly  designed  VCSELs  can  maintain  their  stable  lasing 
characteristics  over  a  very  wide  range  of  temperatures  [3], 
thus  providing  an  optical  interconnect  that  is  stable  against 
thermal  fluctuations. 
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An  efficient  cryogenic  optical  link  requires 
VCSELs  with  very  low  power  dissipation  at  cryogenic 
temperatures.  This  in  turn  requires  the  VCSELs  to  have 
low  operating  currents  and  voltages  that  are  compatible 
with  on-board  cryogenic  CMOS  drive  circuits  (<  2  mA  and 
3.3  V,  respectively),  as  well  as  a  large  modulation 
bandwidth  and  temperature-insensitive  operation.  Low 
threshold  current  is  readily  achieved  by  reducing  the 
transverse  dimensions  of  the  optical  cavity,  and  as  a  result 
of  the  higher  gain  and  lower  losses  at  cryogenic 
temperatures.  We  have  previously  achieved  cryogenic 
VCSELs  that  were  optimized  for  efficient  cw  lasing 
operation  at  temperatures  between  6  K  and  150  K  [1,3],  and 
demonstrated  the  stable  operation  of  gigabit-per-sec  optical 
links  over  a  wide  range  of  temperatures  [1].  While  these 
VCSELs  have  excellent  electrical  and  lasing  characteristics, 
their  threshold  voltages  remained  relatively  high  (2-3V)  at 
cryogenic  temperatures,  thus  resulting  in  a  higher  power 
dissipation.  At  low  temperatures  (<100  K),  the  operating 
voltage  of  a  VCSEL  is  limited  by  carrier  transport  across 
the  energy  barriers  at  the  hetero-interfaces  of  the  distributed 
Bragg  reflector  (DBR)  mirrors,  which  is  inefficient  when 
the  thermal  energy  kT  of  the  carriers  is  small.  Low 
operating  voltages  (<1.5  V)  can  be  achieved  by  reducing 
the  bandgap  of  the  quantum  wells  using  strained  InGaAs 
quantum  wells,  and  by  using  intra-cavity  contacts  to 
eliminate  conduction  through  the  hetero-interfacial  barriers 
of  the  DBR  mirrors.  The  latter  should  lead  to  low  operating 
voltages  that  are  insensitive  to  temperature,  and  also  allows 
the  use  of  undoped  DBR  mirrors  with  ungraded  hetero¬ 
interfaces  to  reduce  the  optical  losses  and  thus  reduce  the 
threshold  optical  gain  for  lasing.  All  of  these  features  have 
been  incorporated  into  the  new  cryogenic  VCSEL  design 
described  below. 

The  MOCVD-grown  VCSEL  structure  (fig.  la) 
consists  of  a  lL-thick  graded  index  separate  confinement 
heterostructure  (GRINSCH)  cavity  containing  four  7  nm 
thick  lno.2Gao.sAs/GaAs  quantum  wells  (QW’s)  as  the 
active  layer.  The  cavity  is  bounded  on  each  side  by  a 
graded  interface  to  a  l/4X-thick  Al0.9sGa0.02As  oxidation 
layer  (lxl018/cm3  doping),  followed  by  a  3/4A,-thick  GaAs 
contact  layer,  with  the  latter  doped  n-type  and  p-type, 
respectively.  In  the  p-contact  (n-contact),  the  doping  is 
graded  from  lxl0,8/cm3  near  the  active  region  to 
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Figure  1  (a)  Schematic  design  of  a  cryogenic  VCSEL  structure,  and  (b) 
the  electron  photomicrograph  of  a  completed  device. 


5xl0,8/cm3  (3xl018/cm3)  away  from  the  active  region.  The 
entire  structure  is  then  sandwiched  between  top  and  bottom 
DBR  mirrors  consisting  of  18  and  28.5  pairs  of  undoped 
GaAs/Alo^Gao.osAs  quarter-wave  layers,  respectively. 
The  DBR  mirrors  are  undoped  to  minimize  free  carrier 
absorption,  and  the  heterointerfaces  are  ungraded  to  reduce 
the  mirror  loss.  In  order  to  achieve  optimum  lasing 
operation  at  100  K,  the  resonant  cavity  mode  (-943  ran)  of 
the  VCSEL  was  intentionally  detuned  (/.&,  blue  shifted)  by 
42  nm  with  respect  to  the  gain  peak  (-985  nm)  at  room 
temperature.  Since  the  cavity  mode  and  the  gain  peak  shift 
with  temperature  at  rates  of  -0.059  nm/K  and  -0.28  nm/K, 
respectively,  they  would  achieve  optimum  overlap  at  T-100 
K. 

The  fabrication  of  the  devices  started  with  dry¬ 
etching  of  the  top-mesa  down  to  the  p-contact  layer  using 
an  inductively  coupled  plasma  (ICP)  etcher.  The  upper 
intracavity  p-contact  (Au/Zn/Au)  was  then  patterned  and 
deposited  by  electron-beam  evaporation.  Next,  a  second 
dry-etching  step  was  carried  out  to  define  the  bottom  mesa, 
which  contained  the  p-contact  layer,  the  active  layer,  and 
the  two  oxidation  layers,  stopping  at  the  lower  and  more 
heavily-doped  portion  of  the  n-contact  layer.  The  active 
area  current  aperture  was  then  formed  by  the  selective 
oxidation  of  the  Alo.98Ga0.02As  layers  in  a  steam-saturated 
ambient  at  425  °C,  which  yielded  device  apertures  ranging 
from  5  pm  to  15  pm.  The  n-contact  (AuGe/Ni/Au)  was  then 
patterned  and  deposited  on  the  lower  n-contact  layer. 
Finally  interconnect  metal  and  bonding  pads  were  deposited 
using  Ti/Au.  Fig.  1(b)  shows  the  SEM  photograph  of  a 
completed  device. 

Intracavity-contacted  VCSELs  with  oxide 
apertures  ranging  from  5  pm  to  15  pm  have  been  studied. 
All  devices  operated  over  the  77-375  K  temperature  range, 
but  the  minimum  threshold  current  I*  was  achieved  at  1 15 
K.  Figure  2  shows  the  typical  continuous  wave  (cw)  light- 
vs-current  characteristics  of  a  5  pm  aperture  VCSEL  at 
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different  temperatures.  The  threshold  current  decreases 
from  Ith=l-96  mA  at  room  temperature  to  a  minimum  of 
1^=150  pA  at  T=115  K,  and  then  increases  slightly  as  the 
temperature  is  further  lowered  to  T=80  K.  At  T=115  K, 
this  device  achieved  a  threshold  current  of  1*=  150  pA  (J*  = 
600  A/cm2),  a  threshold  voltage  of  Va,=1.40  V,  a 
differential  slope  efficiency  of  70  %  and  peak  output  power 
of  12.5  mW.  The  corresponding  parameters  for  room 
temperature  operation  are  1.96  mA,  1.79  V,  30  %,  and  2.8 
mW,  respectively.  The  lasing  wavelength  changes  from  942 
nm  at  300  K  to  929  nm  at  100  K  under  low  bias  current  (1.5 
x  I*).  The  current-voltage  characteristics  of  the  device 
remain  fairly  stable  over  the  temperature  range  measured, 
showing  only  a  modest  increase  in  voltage  as  the 
temperature  is  reduced  (fig.  2). 


Figure  2  CW  lasing  characteristics  and  electrical  characteristics  of  a 
cryogenic  VCSEL  with  a  5  jun  oxide  aperture  at  various  temperatures. 


The  lowest  lasing  threshold  occurred  at  T=115  K, 
and  not  at  T=100  K  as  designed.  This  is  due  in  part  to  the 
inadequate  wavelength  de-tuning  at  295  K,  and  in  part  to 
the  onset  of  modal  competition  under  low  bias  conditions  at 
temperatures  below  T=115  K.  The  spectra  of  the  devices 
measured  at  various  current  levels  revealed  stable  lasing 
modes  throughout  the  operating  range  down  to  T=115  K, 
whereas  the  lasing  characteristics  below  T=100  K  (figure  2) 
exhibited  mode  competition  at  low  current  levels,  with  one 
mode  becoming  dominant  at  higher  bias  levels.  As  the 
temperature  is  lowered  from  room  temperature  to  T=1 15  K, 
the  slope  efficiency  and  peak  output  power  both  increase 
monotonically.  At  T=100  K,  the  slope  efficiency  decreases 
abruptly  at  low  bias  currents,  and  then  increases  at  higher 
bias  levels  as  one  mode  becomes  dominant. 

Figure  3  shows  the  important  temperature 
dependence  of  the  threshold  voltage,  threshold  current  and 
peak  power  conversion  efficiency.  The  threshold  voltage 
decreases  monotonically  with  temperature,  remaining 
below  1 ,6V  from  80  K  to  250  K.  The  power  conversion 
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Figure  3  Temperature  dependence  of  the  threshold  current^  threshold 
voltage,  and  power  conversion  efficiency  of  a  cryogenic  VCSEL  with  a  5 
|jm  oxide  aperture. 


efficiency  increases  linearly  as  the  temperature  is  lowered 
reaching  a  maximum  value  of  -31%  at  T=1 15  K.  Figure  4 
shows  the  power  dissipation  of  the  VCSEL  as  a  function  o 
temperature  at  several  constant  optical  output  power  levels. 
At  the  optimum  temperature  (-115  K),  the  power 
dissipation  is  -0.21  mW  at  threshold,  0  81  mW  for  Pou, 
0.2  mW,  1.71  mW  for  Pout  =  0.5  mW,  and  3.36  mW  for  F0«t 
=1  0  mW  The  achievement  of  low  power  dissipation  at  low 
temperatures  is  a  consequence  of  the  low  operating  voltages 
and  currents  that  have  been  achieved  by  the  VCSEL  design, 
as  well  as  the  high  slope  efficiency  that  resulted  from  a 
higher  differential  gain  coefficient  and  a  lower  internal  loss 
at  low  temperature. 


Figure  4  Power  dissipation  of  a  cryogenic  VCSEL .with  ^  oxide 
aperture  as  a  function  of  temperature,  at  threshold  and  at  0.1,  0.2,  0.3, 0.4, 
and  0.5  mW  of  cw  optical  output  power. 
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temperatures  (77-375  K)  using  an  oxide-confined  design 
that  employed  double  intracavity  contacts  and  undoped 
DBRs,  along  with  proper  alignment  of  the  cavity  mode  and 
the  gain  peak  at  low  temperatures.  Efficient  cw  lasing 
operation  was  observed  over  a  wide  temperature  range  (77 
to  375  K),  but  the  optimum  lasing  characteritsics  occurred 
at  115K,  including  low  threshold  current  (150  pA),  low 
operating  voltage  (1.5  V),  high  peak  output  power  (12.5 
mW),  high  slope  efficiency  (70  %),  high  power  conversion 
efficiency  (up  to  31%)  and  low  power  dissipation  (0.2  mW 
at  threshold)  for  VCSELs  with  a  5  pm  aperture. 
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In  conclusion,  VCSELs  with  low  threshold  voltage 
and  low  power  dissipation  have  been  achieved  at  cryogenic 
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Abstract — Cryogenic  optical  data  links  require  an  efficient  op¬ 
tical  source  with  temperature-insensitive  continuous-wave  (CW) 
operation  at  low  temperatures.  Also,  to  simplify  optical  align¬ 
ment,  it  is  desirable  to  obtain  CW  operation  over  a  broad  tern- 
perato^jk'ige  that  spans  both  the  low  and  high  temperatures. 
By  Jhr^ie  of  vertical-cavity  rurface-emitting  lasers  (VCSEL’s) 
wit^Fchift)ed  (nonuniform)  multiple  quantum  wells  (MQW’s) 
to  broa&n  the  optical  gain  plectrum,  CW  operation  has  been 
achieved  from  5-350  K,  with  improved  characteristics  in  both  the 
high-  and  low-temperature  regimes.  In  particular,  temperature- 
insensitive,  submilliampere  threshold  current  was  achieved  at 
temperatures  from  5-50  K,  with  a  threshold  current  density  of 
350  A/cm2,  and  a  threshold  voltage  that  is  below  3  V. 

VERTICAL-CAVITY  surface-emitting  laser  (VCSEL)- 
based  cryogenic  optical  links  are  potentially  useful 
in  applications  requiring  high-speed,  parallel  data  transfer 
between  processors  in  a  cryogenic  environment  and  room- 
temperature  electronics,  including  high-speed  super-computers 
and  infra-red  imaging  systems  such  as  focal  plane  arrays. 
These  optical  links  require  low-power  dissipation,  high 
bandwidth,  low-to-moderate  output  power,  and  should 
be  insensitive  to  fluctuations  in  the  temperature  of  the 
cryochamber.  We  have  previously  demonstrated  efficient 
continuous-wave  (CW)  lasing  operation  at  cryogenic  tem¬ 
peratures  from  6-250  K  [1] — [33,  using  a  VCSEL  design 
with  uniform  multiple  quantum  wells.  The  optical  gain  peak 
and  lasing  mode  were  intentionally  de-tuned  at  300  K  so 
that  they  would  come  into  alignment  and  achieve  optimum 
CW  operation  at  ~100  K.  This  device’s  threshold  current 
had  a  minimum  at  this  optimum  temperature,  but  increased 
significantly  at  lower  or  higher  temperatures.  In  order  to 
extend  optimum  operation  xjjwaj ^m^ch  broader  temperature 
range  to  accommodate  the  mnerenr  fyimperature  requirements 
of  diverse  applications,  we  need  to  broaden  the  gain  spectrum 
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by  introducing  chirped  (nonuniform)  multiple  quantum  wells 
in  the  active  region.  This  new  VCSEL  achieved  efficient, 
thermally-stable  CW  operation  over  a  wider  range  of  ciyogenic 
temperatures,  with  a  stable  sub-milliampere  threshold  current, 
a  threshold  voltage  of  less  than  3  V,  and  a  threshold  power 
dissipation  of  <2  mW  at  temperatures  from  5-50  K  (<5  mW 
to  120  K).  In  addition  to  improving  their  tolerance  to  large 
temperature  fluctuations  in  the  cooling  system,  this  design 
also  extended  the  temperature  range  for  CW  operation  from 
5-350  K,  thereby,  making  optical  alignment  possible  without 
cooling. 

Although  the  temperature  range  over  which  the  VCSEL  ex¬ 
hibits  a  low-threshold  current  can  be  extended  by  broadening 
the  gain  spectrum  through  the  use  of  inhomogeneous  multiple- 
quantum-wells,  efficient  lasing  operation  also  requires  that  the 
gain  of  each  quantum  well  be  sufficiently  high  to  compensate 
for  the  reduced  gain  contributions  from  other  wells  at  the  las¬ 
ing  wavelength.  This  is  easily  satisfied  at  lower  temperatures, 
where  the  differential  optical  gain  is  significantly  increased  and 
the  quantum  efficiency  is  high  (>80%)  [1] — [3].  By  using  mul¬ 
tiple  quantum  wells  with  different  thickness  (chirped  MQW’s), 
the  threshold  current  of  the  VCSEL  is  reduced  at  both  the 
low  and  high  temperatures,  and  the  overall  temperature  range 
of  operation  is  extended.  In  this  paper,  we  discuss  the  design 
and  experimental  demonstration  of  VCSEL’s  with  a  broadened 
gain  spectrum,  and  the  effect  this  has  on  its  performance.  A 
brief  discussion  of  the  first  order  gain  calculations  is  included 
to  qualitatively  explain  the  experimental  behavior  of  these 
devices  as  a  function  of  temperature. 

The  gain  spectrum  can  be  broadened  by  using  multiple 
quantum  wells  with  different  compositions  [4]  or  different 
widths.  In  this  work,  the  latter  approach  was  chosen.  For 
a  comparative  study,  two  VCSEL  epi-layer  structures  were 
grown  by  low-pressure  MOCVD,  one  containing  an  active 
region  with  four  GaAs  MQW’s  of  a  uniform  thickness  (80 
A),  the  other  containing  GaAs  MQW’s  of  different  thick¬ 
ness  (55,  70,  90,  and  105  A),  with  the  wells  separated  by 
100  A  thick  Alo.15Gao.s5As  spacer  layers.  These  structures 
are  denoted  as  the  “uniform  MQW”  and  “chirped  MQW” 
structures,  respectively.  Each  structure  contains  a  graded- 
index  separate-confinement-heterostructure  multiple-quantum- 
well  (GRIN-SCH-MQW)  active  region  sandwiched  between 
a  24-pair,  p-doped  distributed-Bragg-reflector  (DBR)  on  the 
top  and  a  43.5-pair,  n-doped  DBR  on  the  bottom.  All  the  het¬ 
erointerfaces  in  each  DBR  have  lineariy-graded  AlxGai_xAs 
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Fig.  1.  Comparison  of  the  measured  threshold  currents  of  a  VCSEL  with 
chirped  multiple  quantum  wells  and  a  VCSEL  with  uniform  multiple  quantum 
wells  as  a  function  of  temperature.  Inset  shows  the  calculated  threshold  carrier 
density  for  both  structures  as  a  function  of  temperature. 


Current  (mA) 

Fig.  2.  Measured  L~1  and  I-V  characteristics  of  16-jxm  diameter  VCSEL 
wife  chirped  multiple  quantum  wells  at  various  temperatures. 

compositions,  and  tbe  doping  concentration  of  the  DBR  layers 
is  also  graded  from  5  x  1017  cm-3  near  the  active  region  to 
2  x  1018  cm-3  away  from  the  active  region. 

Fig.  1  shows  the  temperature  dependence  of  the  threshold 
currents  for  these  two  structures,  each  with  a  16  fim  diameter 
active  region,  demonstrating  the  improved  performance  of 
the  chirped  MQW  structure  at  both  the  lower  and  higher 
temperature  regimes.  The  temperature  range  for  optimum,  low- 
threshold  current  operation  has  been  extended  from  ~120  K 
down  to  5  K,  with  stable  sub-milliampere  threshold  currents 
from  5-50  K,  which  reflects  the  expanded  range  of  mode-gain 
alignment.  The  operating  temperature  range  of  the  VCSEL, 
which  was  limited  to  250  K  for  the  uniform  MQW  structure 
[1],  has  been  extended  to  350  K  using  the  chirped  MQW’s. 
The  temperature  dependence  of  both  structures  are  very  similar 
in  the  130-200  K  temperature  range.  Qualitatively  similar 
behavior  was  also  obtained  for  devices  with  10-/zm  and  20-/zm 
diameters  from  each  wafer. 


750  76S  780  795  810  825  840  855  870 
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Fig.  3.  Calculated  modal  gain  spectrum  for  fee  uniform  MQW  VCSEL 
and  fee  chirped  MQW  VCSEL  at  various  temperatures.  Arrow  denotes  fee 
measured  cavity  mode. 


Fig.  2  shows  the  typical  light-current  and  current-voltage 
characteristics  of  a  16-jxm  diameter  VCSEL  with  chirped 
MQW’s  at  various  temperatures.  In  the  range  of  150-250  K, 
the  L — I  characteristic  shows  a  “kinked”  behavior,  indicative 
of  strong  modal  competition.  This  figure  also  shows  the  L— . I 
characteristics  at  lower  and  higher  temperatures,  with  the 
kinked  response  significantly  reduced  in  both  regimes.  Below 
100  K,  submilliampere  threshold  operation  is  obtained,  with 
Ith  ~  700  fiA  ( Jth  —  350A/cm2),  Vth  <  3  V,  and  a  maximum 
output  power  of  ~7.5  mW.  The  threshold  voltage  Vth  remains 
below  3  V  throughout  the  temperature  range  from  5-350  K. 

To  explain  the  improved  performance.  Fig.  3  compares  the 
relative  alignment  between  the  lasing  mode  (determined  exper¬ 
imentally)  and  the  gain  spectrum  as  a  function  of  temperature, 
for  both  the  uniform  MQW  structure  and  the  chirped  MQW 
structure.  For  the  former,  the  cavity  mode  (~81 1  nm)  is 
intentionally  de-tuned  from  the  gain  peak  (~850  nm)  at  room 
temperature  [Fig.  3(a)]  so  that  they  come  into  alignment  at  the 
optimum  design  temperature  of  100  K  (Fig.  3(b)].  This  effect 
is  primarily  due  to  the  different  temperature  coefficients  of  the 
lasing  mode  (—0.05  nm/K  above  150  K)  and  the  gain  peak 
(—0.25  nm/K  above  150  K).  As  the  temperature  is  decreased 
further,  the  gain  spectrum  continues  to  blue-shift  relative  to  the 
lasing  mode,  placing  the  mode  (~798  nm)  at  the  tail  end  of 
the  gain  spectrum  [Fig.  3(c)]  and  causing  the  threshold  current 
to  rise.  Using  a  chirped  MQW  structure,  the  gain  is  spectrally 
broadened,  and  the  modal  gain  remains  high  over  a  wider 
range  of  temperatures,  as  illustrated  in  Fig.  3.  Above  room 
temperature,  the  cavity  mode  is  aligned  near  the  gain  peak  of 
the  55-A  well  [Fig.  3(a)].  As  the  temperature  is  decreased,  the 
gain  spectrum  scans  across  the  lasing  mode,  which  becomes 
aligned  to  different  gain  peaks  at  different  temperatures.  In  the 
130-200  K  temperature  regime,  the  modal  gain  (at  ~800  nm) 
is  dominated  by  the  contributions  from  the  70-A  and  90-A 
quantum  wells  (compared  with  the  80  A  QW’s  of  the  uniform 
structure),  and  the  lasing  characteristics  of  both  structures 
are  very  similar  (Fig.  1).  Decreasing  the  temperature  further, 
the  cavity  mode  (~798  nm)  becomes  aligned  to  the  105  A 
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Hg.  4.  Calculated  modal  gain  as  a  junction  of  carrier  density  for  the  uniform 
MQW  VCSEL  and  the  chirped  MQW  VCSEL  for  various  temperatures.  The 
estimated  cavity  losses  at  the  different  temperatures  are  indicated  as  bold 
symbols  connected  with  bold  curves. 

QW  with  significant  modal  gain  [Fig.  1(c)],  and  the  threshold 
canier  density  (and  thus  the  threshold  current)  remains  at  a 
lower  level  down  to  5  K.  Therefore,  by  spectrally  broadening 
die  gain,  the  mode  remains  aligned  with  the  gain  peak  over  a 
larger  range  of  temperatures. 

As  was  shown  in  [2],  the  thermal  stability  of  the  cryogenic 
VCSEL’ s  at  low  temperatures  is  not  primarily  caused  by  ther¬ 
mal  self-heating,  but  by  die  reduced  thermal  de-tuning  at  very 
low  temperatures.  This  has  been  further  improved  in  the  new 
chirped  MQW  structure  by  spreading  out  the  g$n  spectrum  to 
improve  its  stability  against  thermal  detuning,  by  providing  a 
high-modal  gain  over  a  broader  range  of  temperatures  (5-350 
K),  and  by  maintaining  mode-gain  alignment  J’om  5-100  K. 

Fig.  4  shows  die  calculated  modal  gain  oft  both  structures 
as  a  function  of  carrier  density  for  various  .temperatures.  To 
obtain  an  estimate  of  the  threshold  caniA  density,  die  cavity 
loss  has  been  odmated  as  a  function  of  temperature.  These 
losses  consist  primarily  of  the  mirror  loss,  which  is  relatively 
insensitive  to  Mnperature  [5]  and  die  free  carrier  absorption 
loss,  which  isf|emperature-dependent  [6].  By  equating  the 
total  cavity  loss  with  die  modal  gain  at  each  temperature,  die 
threshold  carrier  density  has  been  obtained  as  a  function  of 
temperature  (told  traces  in  Fig.  4),  which  is  also  plotted  in  the 
inset  of  Hg.  1.  This  clearly  illustrates  the  higher  modal  gain 
and  therefore  lower  threshold  canier  density  that  are  obtained 
at  lower  temperatures  in  the  chirped  MQW  structure,  which 
resulted  in  die  very  low  threshold  currents  that  were  observed 
below  100  K.  It  also  qualitatively  explains  die  comparable 
threshold  behavior  in  die  150-200-K  regime,  and  the  improved 
performance  above  250  K.  The  calculations  of  Fig.  4  show  that 
the  lasing  threshold  for  die  two  structures  should  be  nearly 
die  same  at  100  K,  while  a  comparison  of  the  individual  gain 
spectra  shown  in  Hg.  3  for  the  corresponding  earner  densities 
appears  to  suggest  that  the  composite  modal  gain  of  the  four 
uniform  quantum  wells  is  higher  than  that  of  the  chirped 
quantum  wells,  and  thus  its  threshold  would  be  lower  at  100 


K.  In  fact,  the  actual  difference  is  much  smaller  as  a  result  of 
the  differences  in  the  optical  field  overlap  factor  for  each  well, 
which  weigh  more  heavily  the  gain  contributions  from  the  two 
inner  quantum  wells  in  either  structure.  The  composite  gain 
for  the  uniform  MQW’s,  while  higher  than  that  of  die  chirped 
quantum  wells,  is  not  four  times  the  gain  of  a  single  well  due 
to  differences  in  the  optical  confinement  While  the  present 
model  suffices  to  predict  meaningful  qualitative  differences 
between  the  temperature  behavior  of  the  two  structures,  precise 
quantitative  comparison  with  experiment  is  difficult  due  to 
variations  in  epitaxial  growth  conditions. 

In  these  calculations,  it  was  assumed  that  die  carriers 
injected  into  the  GRINSCH  structure  of  the  active  region 
are  distributed  into  the  different  quantum  wells  with  equal 
probability,  thereby  yielding  a  uniform  canier  density  in  die 
different  quantum  wells,  whose  canier  distributions  are  not 
in  internal  equilibrium  (nonunifonn  quasi-Fermi  levels).  This 
assumption  may  be  valid  at  lower  temperatures,  where  inter- 
well  carrier  transport  is  impeded  by  poor  thermal  activation, 
but  may  not  be  so  near  room  temperature  f7].  To  resolve  the 
issue  of  carrier  distribution  amongst  wells  requires  a  detailed 
investigation  of  the  canier  transport  and  recombination  pro¬ 
cesses  at  different  temperatures,  which  is  beyond  the  scope 
of  this  work.  A  rigorous  comparison  of  the  threshold  current 
and  threshold, carrier  density  must  also  take  account  of  die 
recombination  mechanisms,  the  quantum  efficiency,  and  die 
role  of  the  transverse  modes. 

In  conclusion,  we  have  achieved  optimized  VCSEL  per¬ 
formance  over  a  wider  range  of  cryogenic  temperatures  by 
spectrally  broadening  the  gain  spectrum  tinough  the  use  of 
chirped  quantum  wells.  Sub-milliamp  threshold  current  was 
Achieved  in  the  temperature  range  from  5-50  K,  which  reflects 
the  expanded  range  of  mode-gain  alignment,  and  efficient  CW 
operation  was  achieved  over  a  wide  temperature  range  from 
5-350  K.  This  approach  can  also  be  applied  to  improve  the 
high-temperature  operation  of  VCSEL’s. 

References 

[1]  B.  Lu,  W.-L.  Luo,  C.  Hams,  J.  Cheng,  R.  P.  Schneider,  K.  D.  Choquette, 
K.  L.  Lear,  S.  P.  Kilcoyne,  and  J.  C.  Zolper,  "High-efficiency,  and  bigfe- 
power  vertical-cavity  surface-emitting  lasers  designed  for  cryogenic 
applications,”  IEEE  Photon.  TechnoL  Lett,  voL  7,  no.  5,  pp.  447-448, 
1995 

[2]  G.  Goncher,  B.  Lu,  W.-L.  Luo,  J.  Cheng,  S.  Bersee,  S.  Z.  Sun,  R.  P. 
Schneider,  and  J.  C.  Zolper,  "Cryogenic  operation  of  AlGaAs-GaAs 
vertical-cavity  surface-emitting  lasers  at  temperatures  from  200-6  K, 
IEEE  Photon.  TechnoL  Lett. ,  voL  8,  no.  3,  pp.  316-318,  1996. 

[3]  B.  Lu,  Y.-C.  Lu,  J.  Cheng,  R.  P.  Schneider,  J.  C.  Zolper,  and  G. 

Goncher,  "Gh/s  cryogenic  optical  link  using  optimized  low-temperature 
AlGaAs-GaAs  vertical-cavity  surface-emitting  lasers,”  IEEE  J.  Quart- 
turn  Electron vol.  32,  no.  8,  Aug.  1996.  _ 

[4]  M.  Rajita,  T.  Kawakami,  M.  Nido,  A.  Kimura,  T.  Yosbikawa,  K. 
Kurihara,  Y.  Sugimoto,  and  K.  Kasahara,  "Temperature  characteristics 
of  a  vertical-cavity  surface-emitting  laser  with  a  broad-gain  bandwidth, 
IEEE  J.  Select  Topics  Quantum  Electron vol.  1,  no.  2,  pp.  654-660, 

June  1995.  .  ... 

[5]  J.  S.  Blakemore,  “Semiconducting  and  other  major  properties  of  gallium 
arsenide,”  J.  AppL  Phys.,  vol.  53,  no.  10,  pp.  R123-R181, 1982. 

[6]  W.  G.  Spitzer  and  J.  M.  Whelan,  “Infrared  absorption  and  electron 
effective  mass  in  n-type  gallium  arsenide”  Physical  Rev.,  vol.  114,  no. 

1,  pp.  59-63,  1959.  .  .  . 

[7]  P.  A  Evans,  P.  Blood,  andJ.S.  Roberts,  "Carrier  distribution  m  quantum 
well  lasers,”  Semiconduct  ScL  TechnoL ,  vol.  9,  no.  9,  pp.  1740-1743, 
1994. 


IEEE  JOURNAL  OF  QUANTUM  ELECTRONICS.  VOL.  32,  NO.  8,  AUGUST  1996 


1347 


Gigabit-per-Second  Cryogenic  Optical  Link  Using 
Optimized  Low-Temperature  AlGaAs-GaAs 
Vertical-Cavity  Surface-Emitting  Lasers 

Bo  Lu,  Member,  IEEE,  Vm-Chen  Lu,  Julian  Cheng,  Senior  Member,  IEEE,  Richard  P.  Schneider,  Member,  IEEE, 
John  C.  Zolper,  Member,  IEEE,  and  Gary  Goncher,  Member,  IEEE 


Abstract — We  describe  the  design  of  GaAs-AJGaAs  vertical- 
cavity  surface-emitting  lasers  (VCSEL’s)  that  are  optimized  for 
operation  at  very  low  temperatures  and  the  experimental  demon¬ 
stration  of  a  free-space  optical  interconnect  for  cryogenic  elec¬ 
tronic  systems  using  a  VCSEL.  We  demonstrate  high-speed  mod¬ 
ulation  of  the  optical  link  at  a  data  rate  of  up  to  2  Gb/s  at  77  K, 
with  a  very  low  bit-error  rate  of  <1(T13,  and  thermally  stable 
operation  is  achieved  over  a  wide  range  of  cryogenic  temperatures 
without  laser  bias  current  compensation.  Cryogenic  VCSEL’s 
with  excellent  lasing  characteristics  have  been  achieved  over  the 
entire  temperature  range  from  150  K  to  6  K,  including  high 
output  power  (22  mW),  high  power-conversion  efficiency  (32%), 
high  slope  efficiency  (~100%),  low  threshold  voltage  (1.75  V) 
and  current  (1.7  mA),  as  well  as  a  high-modulation  bandwidth 
(12  GHz)  for  a  16  pm  diameter  device  at  80  K. 

I.  INTRODUCTION 

MICROCAVITY  semiconductor  lasers  operating  at  cryo¬ 
genic  temperatures  offer  superior  lasing  performance 
as  a  result  of  a  higher  differential-gain  coefficient,  a  higher 
quantum  efficiency,  lower  losses,  lower  noise  [1],  higher 
modulation  bandwidth,  lower  power  dissipation,  and  a  higher 
power-conversion  efficiency.  Studies  of  the  temperature  de¬ 
pendence  of  vertical-cavity  surface-emitting  lasers  (VCSEL’s) 
[2]— [4]  have  shown  that  their  slope  and  power  efficiencies, 
optical  output  power,  and  power  dissipation  all  improve  dra¬ 
matically  as  the  temperature  is  reduced,  which  suggests  that 
these  microlasers  are  well  suited  as  an  optical  source  for 
cryogenic  applications.  In  fact,  the  performance  of  VCSEL’s 
at  low  temperatures  can  significantly  exceed  their  room- 
temperature  characteristics.  Some  of  these  characteristics,  such 
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as  high  efficiency  and  low  power  dissipation,  make  ciy- 
olasers  particularly  appealing  for  use  as  optical  data  links 
or  free-space  optical  interconnects  between  low-temperature 
electronics  in  a  hermetic  cryogenic  environment  and  external 
room-temperature  electronics,  taking  advantage  of  the  higher 
performance  (higher  speed  and  lower  noise)  of  both  the 
electronics  and  the  diode  laser  at  low  temperatures.  In  space 
applications,  extremely  low  temperatures  are  easily  obtained, 
and  in  other  applications,  liquid  nitrogen  temperatures  are 
becoming  more  practical  due  to  the  dramatic  reduction  in 
refrigeration  cost.  VCSEL’s  are  particularly  attractive  for 
many  of  these  applications  since  their  surface-normal  geome¬ 
try  and  superior  beam  characteristics,  such  as  small  angular 
divergence  and  symmetrical  beam  shape,  simplify  optical 
coupling  and  packaging,  making  it  easier  to  implement  a  free- 
space  optical  interconnect  It  would  also  obviate  the  need  for 
a  fiber  feedthrough,  thus  providing  optical  isolation  without 
increasing  thermal  loss  or  package  complexity. 

As  the  operating  temperature  of  a  semiconductor  laser  is 
lowered,  its  performance  typically  improves  due  to  an  increase 
in  the  differential  gain  coefficient  as  well  as  an  improved 
quantum  efficiency.  At  low  temperatures,  the  calculated  gain 
of  GaAs  is  much  higher  than  that  at  room  temperature  at 
an  equivalent  current  density,  as  a  result  of  the  narrower 
width  of  the  gain  spectrum  [5].  For  edge-emitting  lasers, 
the  threshold  current  decreases,  while  the  slope  efficiency 
increases  monotonically  with  temperature  down  to  as  low  as 
5  K  [6].  Their  modulation  frequency  response  at  a  constant 
output  power  typically  increases  with  decreasing  temperature, 
when  not  limited  by  parasitic  elements  in  the  laser  structure 
or  the  contacts.  These  properties  make  it  advantageous  to 
operate  lasers  at  low  temperatures.  VCSEL’s,  on  the  other 
hand,  typically  exhibit  a  somewhat  parabolic  dependence 
of  threshold  current  on  temperature,  [7]— [103  which  derives 
from  the  thermally-induced  detuning  of  the  lasing  mode, 
the  gain  peak  and  the  increased  self-healing  that  results. 
The  wavelengths  of  the  gain  peak  and  the  Fabry-Pexot  res¬ 
onance  shift  with  temperature  at  different  rates,  since  the 
temperature  coefficient  of  the  bandgap  is  significantly  larger 
than  that  of  the  optical  index  or  the  cavity  length.  Some 
deleterious  consequences  of  the  misalignment  are  increases 
in  the  operating  current  and  voltage,  which  increase  the  power 
dissipation.  This  can  be  alleviated  by  designing  a  VCSEL 
whose  lasing  mode  and  gain  peak  are  intentionally  detuned  at 
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room  temperature,  but  which  become  aligned  at  a  designated 
lower  temperature.  This  cryogenic  VCSEL  should  then  have 
lower  threshold  current  -and  many  of  the  same  advantages 
that  have  been  observed  for  cryogenic  edge-emitting  lasers. 

In  practice,  this  is  difficult  to  achieve,  since  efficient  VCSEL 
operation  at  cryogenic  temperatures  requires  a  low  operating 
voltage  as  well  as  a  low  threshold  current,  but  the  voltage 
and  impedance  of  the  VCSEL  become  unacceptably  high 
at  low  temperatures  [11],  as  the  energy  barriers  at  their 
hetero-interfaces  become  increasingly  prohibitive  to  carrier 
transport  when  its  height  A E  far  exceeds  the  thermal  energy 
kT.  Their  electrical  characteristic  at  very  low  temperatures 
becomes  increasingly  nonlinear,  often  exhibiting  a  negative 
differential  resistance.  We  will  show  that  electrical  transport 
can  be  greatly  improved  by  tailoring  the  interfaces  through 
continuous  parabolic  grading  and/or  selective  doping,  which 
produced  lower  voltages  even  at  temperatures  as  low  as  6  K. 

In  this  paper,  we  discuss  the  design  of  VCSEL’s  that  are 
optimized  for  operation  at  cryogenic  temperatures  ranging 
from  6  K  to  150  K,  by  minimizing  the  threshold  current  and 
operating  voltage  to  reduce  the  power  dissipation  and  increase 
the  power  efficiency.  We  will  demonstrate  improved  lasing 
characteristics  at  cryogenic  temperatures,  including  a  higher 
power  efficiency,  lower  and  more  thermally  stable  threshold 
characteristics,  and  a  larger  modulation  bandwidth.  We  will 
also  describe  the  large-signal  modulation  characteristics  of 
cryogenic  VCSEL’s  at  very  low  temperatures  and  show  that  a 
data  rate  of  >2  Gb/s  can  be  easily  achieved  at  77  K.  We  will 
also  show  that  the  modulation  response  is  thermally  stabilized 
across  a  temperature  range  of  greater  than  150  K  under  fixed 
operating  conditions  (constant  drive  current)  without  feedback 
current  control. 

Finally,  we  describe  a  cryogenic  optical  read-out  link  that 
uses  a  GaAs-AlGaAs  cryogenic  VCSEL  and  free-space  to 
communicate  high-speed  optical  data  from  the  cryogenic 
medium  to  an  external  receiver.  We  will  experimentally 
demonstrate  the  operation  of  an  efficient  cryogenic  optical 
link  that  that  can  be  driven  by  low-voltage  CMOS  circuits 
and  which  provides  high-speed  (up  to  2  Gb/s),  low-power 
dissipation  (<10  mW),  high-tolerance  optical  coupling,  a  very 
low  bit-error  rate  (10-13),  and  stable  operation  over  a  wide 
temperature  range. 

n.  Low-Temperature  Characteristics  of  VCSEL’S 
That  are  Optimized  for  High-Temperature  Operation 

The  development  of  VCSEL’s  has  made  great  strides  in 
recent  years,  having  achieved  excellent  room-temperature  op¬ 
erating  characteristics,  including  very  low  threshold  current 
[12]  and  voltage  [13],  a  low-series  resistance  [11],  ther¬ 
mally  stable  electrical  characteristics  [11],  and  a  high-power 
conversion  efficiency  [14].  The  room  temperature  operation 
of  proton-implant-isolated  VCSEL’s  is  generally  limited  by 
their  relatively  small  slope  efficiency  and  power-conversion 
efficiency,  which  are  typically  less  than  50%  and  20%,  respec¬ 
tively.  However,  the  external  slope  efficiency  and  the  output 
power  of  proton-implant-isolated  AlGaAs— GaAs  VCSEL’s 
improve  dramatically  as  the  temperature  is  decreased.  Fig.  1(a) 
shows  the  light-current  characteristics  of  a  16-jim-diameter 
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Fig.  1.  (a)  Light-current  characteristics  of  a  16-pm-diameter  VCSEL  de¬ 
signed  for  optimum  operation  at  room  temperature,  at  temperatures  ranging 
from  90  K  to  400  K.  (b)  Its  output  power  and  differential  dope  efficiency  as 
a  function  of  temperature,  showing  an  external  slope  efficiency  of  >90%  at 
temperatures  below  100  K. 


VCSEL  at  temperatures  ranging  from  400  K  to  90  K,  showing 
a  very  high  slope  efficiency  (>90%)  and  a  maximum  output 
power  of  13  mW  at  90  K  [Fig.  1(b)],  These  results  suggest 
that  VCSEL’s  can  achieve  superior  performance  at  cryogenic 
temperatures.  However,  because  this  device  was  designed  for 
optimum  operation  at  room  temperature,  its  threshold  current 
and  voltage  incireys4(jnonotonically  with  decreasing  temper¬ 
ature  as  the  lasing  mode  and  gain  peak  become  misaligned, 
thus  resulting  in  a  very  large  thermal  dissipation  and  a  low 
power-conversion  efficiency  at  cryogenic  temperatures,  which 
must  be  corrected. 

m.  Design  of  VCSEL’S  for  Optimum 
Operation  at  Cryogenic  Temperatures 

A.  Alignment  of  the  Cavity  Mode  and  Gain 
Peak  at  Cryogenic  Temperatures 

The  lasing  characteristics  of  diode  lasers  are  strongly  af¬ 
fected  by  the  operating  temperature.  The  threshold  current  of 
edge-emitting  lasers  typically  exhibits  an  exponential  depen¬ 
dence  on  temperature  [15],  which  is  given  by 

Jth(T)  =  /0exp(T/T0)  (1) 
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Rg.  2.  A  model  of  the  temperature-dependent  misalignment  between  the 
gain  peak  and  the  cavity  mode,  showing  that  optimum  alignment  is  achieved 
at  a  temperature  of  MOO  1C 


where  I0  is  a  constant  and  T0  is  a  characteristic  temperature 
that  depicts  the  temperature  sensitivity  of  the  lasing  thresh¬ 
old.  The  increase  in  threshold  current  with  temperature  is 
due  to  a  broadening  of  the  gain  spectrum  and  an  increase 
in  nonradiative  recombination  or  carrier  leakage  [16],  [17]. 
However,  the  temperature  characteristics  of  VCSEL’s  are 
distinctly  different  from  those  of  edge-emitting  lasers,  and  the 
threshold  cannot  be  represented  simply  by  (1).  For  good  lasing 
performance,  VCSEL’s  also  require  close  alignment  between 
its  Fabry-Perot  cavity  resonance  and  its  gain  peak,  giving 
an  added  temperature  dependence  more  pronounced  than  that 
governing  conventional  edge-emitting  lasers.  Since  the  gain 
spectrum  has  a  quasi-parabolic  profile,  and  the  cavity  mode 
and  gain  peak  change  with  temperature  at  different  rates,  a 
parabolic  dependence  of  threshold  current  on  temperature  is 
expected. 

The  temperature-induced  detuning  of  the  cavity  mode  and 
die  gain  peak  is  illustrated  schematically  in  Fig.  2.  The  shift  of 
the  gain  peak  with  temperature  is  largely  due  to  the  change  in 
bandgap,  while  the  shift  of  the  cavity  mode  with  temperature  is 
related  to  the  change  in  refractive  index.  The  wavelength  of  the 
gain  spectrum  decreases  with  temperature  at  a  faster  rate  (~2.5 
A/K)  than  the  cavity  mode  (~0.5  A/K),  whose  temperature 
coefficients  are  estimated  from  the  temperature  dependence  of 
the  bandgap  and  the  refractive  index  of  GaAs.  If  the  cavity 
mode  is  intentionally  shifted  to  the  shorter  wavelength  side  of 
the  gain  peak  at  room  temperature,  the  VCSEL  must  be  cooled 
in  order  to  align  the  cavity  mode  and  the  gain  peak,  thereby 
achieving  optimum  lasing  operation  at  lower  temperatures. 

In  our  cryogenic  AlGaAs-GaAs  VCSEL  design,  the  cavity 
mode  is  intentionally  blue-shifted  with  respect  to  the  gain  peak 
at  room  temperature,  so  that  they  become  aligned  at  a  lower 
temperature  of  ^80  K.  The  room-temperature  photoreflectance 
spectrum  of  the  VCSEL  [Fig.  3(a)]  shows  that  its  Fabiy-Perot 
cavity  mode  is  located  at  807  nm,  while  its  room-temperature 
photoluminescence  (PL)  spectrum  [Fig.  3(b)]  indicates  a  peak 
at  ~845  nm.  While  the  lasing  wavelength  is  a  direct  measure 
of  the  cavity  mode,  the  PL  spectrum  does  not  provide  a  precise 
characterization  of  the  gain  spectrum,  since  it  is  typically 
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Rg.  3.  Experimentally  measured  (a)  photoreflectance  and  (b)  PL  spectra, 
indicating  that  the  cavity  mode  is  at  807  nm  and  the  PL  peak  is  near  845  nm. 


measured  at  an  excitation  level  that  may  not  represent  the 
conditions  that  are  necessary  to  achieve  lasing.  The  gain  peak 
is  typically  red-shifted  with  respect  to  the  peak  of  die  PL 
spectrum  as  a  result  of  the  competition  between  thermal  self- 
heating  and  carrier-induced  band-filling  effects,  both  of  which 
increase  with  carrier  injection.  To  determine  die  gain  peak 
of  the  material  at  different  temperatures  more  accurately,  an 
edge-emitting  laser  needs  to  be  fabricated.  For  InGaAs-GaAs 
quantum-well  ridge-waveguide  lasers,  the  difference  between 
die  PL  peak  and  the  lasing  wavelength  is  ~5-10  nm  [17].  For 
AlGaAs-GaAs  lasers,  the  difference  is  expected  to  be  in  the 
same  range.  Within  a  few  nanometers,  the  peaks  in  die  PL 
and  gain  spectra  will  closely  approximate  each  other.  For  our 
cryogenic  VCSEL  design  with  a  PL  peak  at  845  nm  at  room 
temperature,  the  corresponding  gain  peak  is  estimated  to  be  at 
~850  nm,  and  the  minimum  threshold  current  is  expected  to 
be  achieved  at  a  temperature  between  50  K  and  100  K.  Since 
a  broad  minimum  has  been  observed  in  Ith  spanning  a  wide 
temperature  range  [9],  [10],  the  exact  temperature  at  which  die 
minimum  threshold  current  occurs  is  not  critical. 


B.  The  Achievement  of  Low  Operating  Voltages  and  Thermally 
Stable  Electrical  Characteristics  at  Low  Temperatures 

In  order  to  achieve  low  power  dissipation  and  a  high 
power-conversion  efficiency  at  low  temperatures,  in  addition 
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Fig.  4.  The  cuirent-voltage  characteristics  of  a  20-fim-diameter  VCSEL 
with  continuous  parabolicaUy-graded  heterointerfaces,  at  temperatures  ranging 
from  80  K  to  300  K,  showing  thermally  stable  electrical  characteristics. 


to  having  3  low  threshold  current  and  &  high  slope  efficiency, 
the  operating  voltage  must  also  be  kept  low.  This  is  a  more 
formidable  obstacle,  since  the  energy  barriers  at  the  VCSEL’s 
distributed  Bragg  reflector  (DBR)  mirror  heterointerfaces  be¬ 
come  more  prohibitive  to  carrier  emission  and  transport  at 
low  temperatures.  The  current  passing  through  the  barriers 
contains  two  components,  including  thermionic  emission  over 
the  barriers  and  thermal-assisted  tunneling  through  the  barriers, 
both  of  which  depend  on  the  barrier  height  and  thickness  and 
are  strongly  temperature-dependent.  The  problem  of  the  earner 
transport  across  the  heterojunctions  has  been  theoretically 
mrnfrlpH,  and  various  techniques  have  been  proposed  to  reduce 
the  barrier  height,  including  compositional  grading  of  the 

heterointerfaces  to  reduce  the  barrier  height  {Eb)  [18],  [19] i  and 

heavy  doping  the  interfaces  to  increase  the  barrier  conductivity 
(ox)-  Most  of  these  approaches  depend  on  epitaxial-growth 
tAfhniqiiM,  such  as  molecular-beam  epitaxy  (MBE)  for  step 
grading  and  delta-doping  [21],  and  metalorganic  chemical 
vapor  deposition  (MOCVD)  for  continuous  compositional 
grading  and  selective  doping  [11].  Among  the  many  ap¬ 
proaches  that  have  been  studied,  continuous  grading  of  the  het¬ 
erointerfaces  has  thus  far  produced  the  lowest  barrier  height, 
the  lowest  series  resistance,  the  lowest  threshold  voltage  and 
the  most  thermally  stable  electrical  characteristics  [11],  [13]. 
Continuous  biparabolic  grading  of  the  heterointerfaces  using 
MOCVD  has  produced  a  barrier  height  that  approaches  barrier- 
free  bulk  transport  at  room  temperature  [2],  [22]. 

In  our  cryogenic  VCSEL  design,  the  upper  and  lower 
DBR  minors  contain  25  and  43.5  pairs  of  Alo.9eGao.04As 
and  Alo  asGaoTsAs  quarter-wave  layers,  respectively,  whose 
doping  concentration  is  graded  from  l  x  1018/cm3  near  the 
contact  surface  to  5  x  1017/cm3  near  the  active  region  in  order 
to  ™iniTTii7f  the  free-carrier  absorption  and  to  reduce  the  bulk 
resistance  in  the  DBR  mirrors.  All  the  heterointerfaces  are 
graded  continuously  with  a  biparabolic  profile,  in  which  the 
A1  composition  is  first  varied  parabolically  from  96%  to  65% 
(convex)  and  then  from  65%  to  25%  (concave).  This  resulted 
in  VCSEL’s  with  very  low  operating  voltages  (even  at  80  K) 
and  thermally  stable  electrical  characteristics.  Fig.  4  shows  the 
current-vs- voltage  (I-V)  characteristics  of  a  20-fim-diameter 
VCSEL  at  temperatures  ranging  from  80  K  to  300  K.  The 
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F12.  5.  (a)  The  light-current  and  current-voltage  characteristics  at  80  K,  and 
(b)  the  power-conversion  efficiency  at  80  K,  of  a  20-/im-diameter  VCSEL 
that  is  optimized  for  operation  at  ~100  K. 


operating  voltages  are  stable  over  a  very  wide  temperature 
range,  except  for  tire  small  temperature  dependence  of  the 
bandgap,  and  the  carrier  transport  is  ohmic  over  a  large  range 
of  drive  currents. 


IV.  The  Performance  of  Cryogenic  VCSELS 
at  Low  Temperatures  (6  K  to  150  K) 

The  performance  of  the  optimized  cryogenic  VCSEL  is  im¬ 
proved  dramatically  at  low  temperatures,  as  illustrated  by  the 
light-current  characteristics  [Fig.  5(a)]  and  the  electrical-to- 
optical  power-conversion  efficiency  i feff  [Fig.  5(b)]  of  a  20-/xm 
VCSEL  operating  at  80  K.  At  this  temperature,  the  threshold 
current  and  voltage  are  2.2  mA  and  1.8  V,  respectively,  and 
the  slope  efficiency  is  75%,  while  the  maximum  output  power 
is  22  mW  at  a  drive  current  of  25  mA.  The  light-current 
characteristic  is  linear  up  to  a  current  level  of  almost  10  x  Jth 
(22  mA).  The  power  conversion  efficiency  has  a  maximum 
value  of  32%,  and  stays  at  a  high  level  (tjeff>  28%  over  a 
broad  range  of  currents  (from  7  mA  to  22  mA). 

Fig.  6  shows  the  temperature  dependence  of  Vth  and  Jth- 
The  voltages  are  low  «2.4  V)  and,  except  for  the  temper¬ 
ature  dependence  of  the  bandgap,  are  relatively  stable  (0.6 
V  change)  over  the  entire  temperature  range  from  80  K  to 
300  K,  which  is  essential  for  low  power  dissipation.  The 
minimum  threshold  current  of  1.7  mA  (Jth  =  540  A/cm2) 
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Rg.  6.  The  temperature  dependence  of  the  threshold  current  and  threshold 
voltage  of  a  VCSEL  optimized  for  low-temperature  operation,  showing  a 
minimum  threshold  at  100  K,  The  stable  and  low-threshold  voltages  result 
from  the  use  of  DBR  mirrors  with  biparabolically  graded  heterointerfaces. 

is  achieved  at  100  K  in  accordance  with  our  design.  The 
threshold  voltage  shows  a  similar  temperature  dependence 
with  the  threshold  current  It  contains  two  parts  [9],  including 
the  voltage  drop  across  the  laser  junction,  and  the  voltage 
drop  across  the  series  resistance.  The  temperature  variation 
of  the  former  is  dominated  by  the  temperature  dependence 
of  the  bandgap,  while  the  latter  is  due  to  the  temperature 
dependence  of  the  threshold  current  and  the  series  resistance. 
Rg.  4  shows  that  the  series  resistance  remains  nearly  constant 
over  the  temperature  range  from  100  K  to  300  K  (40  Cl  at  300 
K  and  50  Q  at  100  K),  which  results  from  the  use  of  parabolic 
grading  and  selective  doping  to  reduce  the  energy  barrier  at 
the  heterointerfaces. 

The  temperature  dependence  of  the  threshold  current  is  de¬ 
termined  by  several  effects,  including  the  mode-gain  misalign¬ 
ment,  nonradiative  and  leakage  currents,  and  internal  thermal 
self-heating,  which  will  be  discussed  below.  Submilliampere 
threshold  current  has  been  observed  for  some  16-/zm  devices, 
with  Jtjj  ~700  fiA  from  80  K  to  5  K,  and  a  corresponding 
threshold  current  density  of  350  A/cm2,  which  is  amongst  the 
lowest  threshold  current  density  ever  achieved  by  an  850-nm, 
proton-implant-isolated,  AlGaAs-GaAs  VCSEL.  Fig.  7(a)  and 
(b)  show  its  light-current  and  voltage-current  characteristics  at 
77  K. 

Low  power  dissipation  is  essential  for  cryogenic  applica¬ 
tions  and  has  been  achieved  by  VCSEL’s  with  a  low  threshold 
current  and  a  low  operating  voltage.  Fig.  8  shows  the  power 
dissipation  as  a  function  of  temperature  at  several  constant 
levels  of  optical  output  power,  which  also  represents  the 
power-conversion  efficiency,  r?eff  =  Pout/Pd,  as  a  function 
of  temperature  and  bias  current.  At  the  optimum  temperature 
(100  K),  the  power  dissipation  is  3  mW  at  threshold,  6  mW 
for  Pout  =  1  mW,  9  mW  for  Pout  =  2.0  mW,  and  32  mW 
for  Pout  =  10  mW.  The  low  power  dissipation  at  80  K  is 
a  consequence  of  the  lower  operating  voltage  and  current 
that  have  been  achieved  by  design,  as  well  as  the  high  slope 
efficiency  that  results  from  a  higher  differential  gain  coefficient 
and  a  lower  internal  loss  at  low  temperatures. 

In  some  cryogenic  applications  of  diode  lasers,  the  operation 
temperature  may  be  lower  than  77  K.  To  see  how  the  cryogenic 


(b) 

Rg.  7.  (a)  The  dc  electrical  and  lasing  characteristics  [magnified  view  in 
(b)]  of  a  16-pm-diameter  cryogenic  VCSEL  at  80  K,  which  shows  a  threshold 
current  of  700  /x  A,  corresponding  to  a  threshold  current  density  of  350  A/cm2 . 
The  threshold  current  remains  close  to  700  pA  at  temperatures  down  to  5  K, 
and  the  threshold  voltage  stays  below  3  V. 


50  100  150  200  250  300  350 


Temperature  (K) 


Rg.  8.  The  power  dissipation  of  an  optimized  cryogenic  VCSEL  as  a 
function  of  temperature,  at  several  levels  of  constant  optical  output  power. 


VCSEL’s  that  are  designed  for  optimum  operation  at  ~100  K 
perform  at  even  lower  temperatures,  their  characteristics  have 
been  measured  over  the  temperature  range  from  6  K  to  200 
K.  We  found  that  the  VCSEL’s  performance  remains  optimal, 
even  improving  somewhat,  at  temperatures  as  low  as  6  K.  The 
VCSEL’s  used  in  this  study  have  linearly  graded  heterointer¬ 
faces  that  are  selectively  doped  to  a  level  of  1  x  1018/cm3. 
Their  light-current  characteristics  at  temperatures  ranging  from 
6  K  to  200  K  are  shown  in  Fig.  9.  The  optical  output  power 
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Rg.  10.  The  temperature  dependence  of  the  threshold  current  and  voltage 
of  a  16-/im-diameter  VCSEL.  Optimum  performance  is  achieved  from  6  K 
to  150  K.  The  threshold  current  is  also  shown  as  a  function  of  the  junction 
temperature  to  show  the  contribution  of  self-heating. 


0  5  10  15  20  25  30 

Current  (mA) 

Rg.  9.  The  dc  light-current  characteristics  of  an  optimized  cryogenic  VC¬ 
SEL  with  a  16-pm  active-area  diameter  and  linearly  graded  DBR  heteroin¬ 
terfaces  at  low  temperatures,  showing  a  relatively  constant  external  slope 
efficiency  of  >70%  at  temperatures  below  100  K. 

increases  monotonically  with  decreasing  temperature,  attaining 
12  mW  at  6  K  for  a  16-/xm  device,  while  the  external 
slope  efficiency  t),  also  increases  and  approaches  100%  at 
temperatures  below  100  K.  The  increase  in  slope  efficiency  is 
due  to  an  increase  in  both  the  internal  quantum  efficiency  rji 
and  a  decrease  in  the  internal  loss  at  (consisting  mostly  of 
free-carrier  absorption),  both  of  which  tend  to  saturate  below 
100  K,  resulting  in  a  saturation  of  the  external  slope  efficiency 
that  can  be  seen  in  the  L-l  characteristics.  Saturation  of  the 
external  slope  efficiency  has  been  observed  in  edge-emitting 
lasers  at  temperatures  below  100  K  [6].  Although  internal  self¬ 
heating  in  principle  increase  the  apparent  slope  efficiency, 
this  is  not  a  dominant  effect,  as  will  be  explained  below. 

The  L-l  characteristics  show  that  the  threshold  current 
increases  only  marginally  over  the  temperature  range  from 
6  K  to  100  K.  The  temperature  dependence  of  the  threshold 
current  and  voltage  from  6  K  to  200  K  are  shown  in  Rg.  10  for 
this  16-ftnr  VCSEL.  The  increase  in  Vth  is  more  pronounced 
as  nonlinear  transport  across  the  heterointerfacial  barriers 
imposes  its  effect  on  the  VCSEL’s  electrical  (/-V)  character¬ 
istics  at  low  temperatures.  In  contrast,  the  L-l  characteristics 
show  improved  lasing  performance  despite  the  increasingly 
nonlinear  I-V  characteristics,  showing  that  the  slope  efficiency 
remains  high  and  the  threshold  current  remains  low. 

The  stable  threshold  current  at  temperatures  below  100 
K  can  be  understood  from  the  reduced  thermal  detuning  of 
die  cavity  mode  with  respect  to  the  gain  peak  at  very  low 
temperatures.  The  temperature  dependence  of  the  bandgap  of 
m-V  compound  semiconductors  is  given  by  the  expression 


Temperature  (K) 

Rg  1 1 .  The  temperature  dependence  of  the  bandgap  (approximating  that  of 
the  gain  peak)  of  a  GaAs-AJGaAs  quantum  well  and  the  cavity  mode  of  the 
VCSEL.  They  show  that  the  gain-mode  misalignment  is  greatly  reduced  in 
the  temperature  range  from  100  K  to  6  K. 

[23] 

Eg(T)  =  Eg(0)  -  aT2/(T  +  0)  (2) 

where  Eg{ 0)  is  the  bandgap  at  T  =  0  K  and  for  GaAs, 
a  =  5.402  x  10-4,  and  j0  =  204  K.  At  low  temperatures, 
where  T  <  204  K,  the  rate  of  increase  of  die  bandgap  with 
decreasing  temperature  is  greatly  reduced,  and  the  slower  shift 
in  the  gain  peak  now  more  closely  tracks  die  change  in  die 
cavity  mode  as  the  temperature  is  lowered.  The  temperature 
coefficient  of  the  lasing  mode  also  decreases  significandy  at 
temperatures  below  77  K,  due  to  a  smaller  thermal  expansion 
coefficient  and  smaller  changes  in  the  refractive  index  with 
temperature.  The  cavity  mode  and  the  gain  peak  track  each 
other  more  closely  and  remain  nearly  aligned  to  each  other  at 
temperature  below  77  K.  This  results  in  more  stable  threshold 
characteristics  at  temperatures  between  77  K  and  6  K.  The 
temperature  dependence  of  the  bandgap  and  the  lasing  mode 
are  both  plotted  in  Fig.  11,  for  temperatures  from  60  K  to  300 
K.  The  bandgap  of  the  GaAs  quantum  well  (80  A  well  width 
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Fig.  12.  The  lasing  wavelength  of  the  VCSEL  under  pulsed  and  CW 
operation  at  constant  bias  cuirent  levels  as  a  function  of  temperature. 

with  100- A -thick  Alo.15Gao.85As  barriers)  is  calculated,  while 
the  cavity-mode  position  is  experimentally  determined  from 
the  lasing  wavelength  of  the  VCSEL  measured  at  different 
temperatures  under  pulsed  conditions.  Fig.  10  shows  that 
the  difference  between  the  wavelengths  of  die  cavity  mode 
and  thf  gain  peak  is  zero  at  ~80  K  (optimum  alignment) 
and  is  smaller  at  the  lower  temperature  side  of  80  K  than 
at  the  higher  temperature  side.  Although  the  bandgap  does 
not  provide  an  accurate  determination  of  the  gain  peak,  its 
temperature  dependence  provides  a  qualitative  indication  of 
the  temperature  dependence  of  the  latter.  As  discussed  earlier, 
the  difference  is  within  a  few  nanometers. 

Another  reason  for  the  stable  threshold  current  is  due  to 
thermal  self-heating,  which  reduces  the  negative  Hymning  Qf 
the  lasing  mode  and  the  gain  peak  at  the  low-temperature 
side  of  the  optimum  alignment  point  (80  K),  thus  bringing  the 
cavity  mode  and  die  gain  peak  into  even  closer  alignment  Data 
for  the  temperature  dependence  of  the  wavelength  at  the  band- 
edge  of  GaAs  (2)  is  known  to  show  a  reduced  temperature 
coefficient  at  low  temperatures.  Experimental  measurements 
of  the  lasing  wavelength  of  the  VCSEL  under  pulsed  (250- 
ns  pulses  at  4  kHz)  and  CW  operation  at  different  levels  of 
constant  current  are  compared  in  Fig.  12.  The  lasing  wave¬ 
length  varies  with  temperature  in  an  approximately  linear 
fashion  from  125  K  to  300  K,  and  is  sublinear  below  125 
K.  Comparison  of  the  pulsed  and  CW  data  show  that  the 
sublinear  temperature  dependence  of  the  lasing  mode  (and 
thus  the  refractive  index)  at  low  temperatures  is  intrinsic  and 
is  not  purely  the  effect  of  self-heating.  The  lasing  mode  and 
the  gain  peak  thus  track  each  other  more  closely  below  the 
optimum  operating  temperature,  resulting  in  a  smaller  negative 
thermal  detuning  (blue-shift)  of  the  lasing  mode  with  respect 
to  the  gain  peak,  which  is  reflected  by  a  smaller  variation  of 
ith  with  temperature.  Their  wavelength  separation  is  further 
reduced  by  thermal  self-heating  within  the  VCSEL,  which 
produces  a  red-shift  of  the  gain  peak  that  moves  it  closer 
to  the  cavity  mode.  This  contribution  of  thermal  self-heating 
to  ith  can  be  determined  by  calculating  the  rise  in  junction 
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Fig.  13.  The  current-voltage  characteristics  at  different  temperatures  for 
three  VCSEL’ s  with  continuous  linearly  graded  heterointerfaces  but  different 
doping  concentrations  of  (a)  1  x  1018/cm3,  (b)  3  x  101S /cm3;  and  (c)  5 
x  1018/cm3. 


temperature  (~25  K),  using  the  value  of  thermal  resistance 
(J?th  ~  1000  K/W)  that  is  obtained  from  Fig.  12  by  comparing 
the  corresponding  temperatures  at  which  the  pulsed  and  CW 
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Fig.  14.  The  temperature  dependence  of  the  current-voltage  characteristics  of  a  10-pm-diameter  VCSEL  with  biparabolically  graded  mirror  beterointerfaces. 


operations  produce  the  same  emission  wavelengths  (see  [9]). 
By  plotting  Jth  as  a  function  of  both  the  substrate  temperature 
(Tt)  and  the  junction  temperature  (Tj),  Fig.  10  shows  that  the 
change  in  7th  caused  by  self-heating  is  <10%  below  150  K, 
and  is  <20%  from  150  K  to  200  K.  Thus,  the  temperature 
dependence  of  Jth  is  for  the  most  part  intrinsic  and  is  small 
as  a  result  of  the  smaller  rate  of  thermal  detuning  at  low 
temperatures. 

For  this  device,  the  operating  voltage  becomes  high  as  the 
temperature  is  reduced  below  77  K.  From  150  K  to  6  K,  the 
electrical  characteristics  become  increasingly  nonlinear,  with 
Vth  increasing  monotonically  from  4.5  V  to  6.5  V,  which  is 
due  to  the  low  doping  concentration  and  higher  barriers  in  the 
linearly  graded  heterointerfaces  (1  x  1018/cm3).  For  linearly 
graded  heterointerfaces,  the  high  doping  plays  a  very  important 


role  in  reducing  the  barrier  height,  which  has  been  studied 
theoretically  and  was  demonstrated  experimentally  using  the 
temperature-dependence  of  the  electrical  characteristics  [11]. 
Fig.  13  compares  the  voltage-versus-current  characteristics  of 
three  VCSEL’ s  with  the  same  linearly  graded  heterointer¬ 
faces  but  different  doping  concentrations  of  1  x  1018/cm3 
[Fig.  13(a)],  3  x  1018/cm3  Fig-  13(b)]  and  5  x  lO^/cm3 
[Fig.  13(c)],  respectively,  at  different  temperatures  ranging 
from  400  K  to  80  K.  The  highest  doped  VCSEL  has  the  most 
thermally  stable  electrical  characteristics.  Due  to  a  relatively 
high  operating  voltage,  the  power  efficiency  of  tins  VCSEL 
is  relatively  low  (23%  at  77  K,  20%  at  6  K)  compared  to 
our  previous  result  (32%  at  77  K)  for  a  20-^tm  VCSEL  with 
biparabolically  graded  heterointerfaces  [2].  To  further  improve 
the  low-temperature  power  efficiency,  the  operating  voltage 
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Fig.  17. 


Configuration  of  a  high-speed  cryogenic  optical  data  link  using  an  optimized  VCSEL  as 


the  optical  source  and  a  free-space  optical  inter¬ 


connect  geometry. 


optical  coupling  through  an  optical  fiber  or  free  space.  More¬ 
over,  properly  designed  VCSEL’s  can  maintain  their  stable 
lasing  characteristics  over  a  very  wide  range  of  temperatures, 
e.g„  from  100  K  to  200  K  (Fig.  9),  thereby  providing  an  optical 
interconnect  that  is  stable  against  thermal  variations.  For  these 
reasons,  VCSEL’s  are  well  suited  as  a  high-speed  optical 
source  for  cryogenic  optical  data  link  and  optical  intercon¬ 
nect  applications.  Unlike  conventional  optical  communication 
applications  that  may  require  a  data  rate  of  1  Gb/s  or  more, 
an  optical  link  for  focal-plane  array  readout  currently  requires 
only  a  relatively  modest  data  rate  in  the  range  of  100-500 
Mb/s,  which  is  very  easy  to  achieve  using  VCSEL’s  operating 
at  cryogenic  temperatures.  However,  since  the  heat-extraction 
efficiency  of  the  cooling  system  is  low  at  cryogenic  tempera¬ 
tures,  the  power  dissipation  of  the  optoelectronic  components 
must  be  minimized  in  a  cryogenic  optical  data  link. 

A.  Optical  Readout  for  Cryogenic  Focal-Plane  Arrays 

Infrared  imaging  systems  have  evolved  from  the  early 
cinglgi  focal-plane  detector  to  a  linear  array  with  a  line- 
scan  mechanism  and  to  larger  two-dimensional  (2-D)  focal- 


plane  arrays  (FPA’s).  These  have  many  military  and  industrial 
applications,  ranging  from  atmospheric  imaging  and  target 
search  to  noncontact  surface  examination,  process  monitoring 
and  control  in  manufacturing.  To  minimize  tire  thermal  noise, 
these  detector  arrays  are  often  housed  in  a  hermetic  cryogenic 
chamber  and  operate  at  temperatures  below  100  K. 

In  a  FPA,  the  sensor  array  is  usually  flip-chip  bonded  to  the 
multiplexing  readout  circuit,  from  which  electrical  cables  cany 
the  rignal  to  the  external  signal-processing  electronics  at  room 
temperature.  With  increasing  array  size  and  more  complicated 
image-processing  requirements,  the  trend  is  to  integrate  more 
of  the  pre-processing  functions,  such  as  signal  preamplification 
and  A-to-D  conversion,  with  the  FPA  within  the  cryo-chamber. 
As  the  required  data  throughput  is  increased,  data  transmission 
from  the  cryo-chamber  to  higher  levels  of  external  signal 
processing  must  occur  at  an  increasingly  higher  data  rate. 
The  use  of  high-frequency  electrical  cables  (especially  for 
parallel  links)  increases  thermal  leakage  as  well  as  power 
dissipation  within  the  chamber.  A  free-space  optical  link,  on 
the  other  hand,  provides  a  noninvasive  optical  connection 
between  electronics  in  a  hermetic  cryogenic  environment 
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and  external  electronic  processors  at  room  temperature.  By 
eliminating  the  electrical  wires,  an  optical  link  can  provide  a 
much  larger  bandwidth,  lower  thermal  dissipation,  and  also  a 
much  longer  link  span. 


B.  Implementation  of  a  VCSEL-Based 
Free -Space  Optical  Interconnect 

To  demonstrate  the  use  of  the  VCSEL  as  a  high-speed  light 
source  for  a  low-temperature  ffee-space  optical  link,  a  20-/zm- 
diameter  VCSEL  with  an  optimum  operating  temperature  of 
77  K  is  mounted  in  a  high-speed  package  that  resides  on  a  cold 
finger  that  is  housed  within  a  cryogenic  chamber  without  any 
fiberoptic  feed-through.  Fig.  17  shows  the  configuration  of  the 
cryo-chamber  and  the  experimental  set-up  for  characterizing 
the  high-frequency  performance  of  a  ffee-space  optical 
interconnect  using  the  VCSEL  at  low  temperatures.  The 
cooling  system  is  a  Joule-Thomson  refrigerator,  which  is 
a  vacuum  chamber  containing  a  thermal  stage  with  a  cold- 
finger  whose  temperature  can  be  controlled  from  80  K  to 
580  K,  and  which  is  thermally  isolated  from  the  external 
environment  by  the  vacuum.  The  VCSEL  sample  is  mounted 
on  the  thermal  stage  using  a  silicone  heat-sink  compound. 
For  high-speed  operation,  the  chamber  is  modified  to  provide 
electrical  access  to  the  VCSEL  through  a  high-speed  SMA 
launcher,  which  is  located  in  close  proximity  to  the  thermal 
stage.  To  reduce  the  length  and  inductance  of  the  wire  bond,  an 
intermediate  ceramic  strip  containing  a  50-ft  stripline  is  placed 
between  the  launcher  and  the  sample.  The  light  produced  by 
the  modulated  VCSEL  propagates  through  free  space  and  is 
coupled  out  of  the  cryo-chamber  through  an  optical  window 
situated  ~2  cm  above  the  VCSEL’ s  emitting  surface.  An 
external  lens  then  focuses  this  low-divergence  beam  into  the 
optical  aperture  (200  pm  diameter)  of  a  high-speed  p-i-n 
photodetector,  followed  by  a  transimpedance  preamplifier 
and  a  high-gain  limiting  ampifier  that  produces  compatible 
logic  output  levels,  and  the  eye  diagrams  are  recorded  by 
a  communication-signal  analyzer.  The  VCSEL  is  digitally 
modulated  by  a  NRZ  pseudorandom  data  sequence  from  a 
pattern  generator,  with  a  word  length  of  (223  —  1)  bits  and  a 
data  rate  of  up  to  2  Gb/s.  The  temperature  of  the  cryo-chamber 
is  varied  in  steps,  while  the  bit-error-rate  measurement  is 
carried  out  at  a  constant  temperature  so  that  no  error  is 
accrued  during  the  transitional  periods. 

The  eye  diagrams  in  Fig.  18  depict  the  modulation  perfor¬ 
mance  of  the  cryogenic  optical  link  at  77  K  under  large-signal 
electrical  modulation  by  NRZ  pseudorandom  data  at  a  data  rate 
of  2  Gb/s,  1  Gb/s,  500  Mb/s,  and  200  Mb/s,  respectively.  The 
rise  and  fall  times  are  limited  by  the  speed  of  the  photodetector, 
and  modulation  at  a  data  rate  >2  Gb/s  is  possible,  as  indicated 
by  the  small-signal  modulation  bandwidth  of  the  VCSEL 
(Fig.  16).  The  eye-diagram  at  1  Gb/s  is  wide  open,  and  the 
transmission  data  accumulated  over  a  long  time  period  (2  h) 
shows  that  a  bit-error  rate  of  less  than  10“13  can  be  achieved. 

For  cryogenic  optical  links,  thermally  stable  operation 
would  be  desirable,  since  this  would  simplify  the  electric 
drive  circuit  by  eliminating  the  need  for  feedback  control  to 
compensate  for  thermal  changes.  To  establish  the  thermal 
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Fig.  18.  Eye  diagrams  showing  the  large-signal  response  of  the  cryogenic 
optical  link  at  77  K  to  pseudorandom  electrical  modulation  at  a  data  rate  of  2 
Gb/s,  1  Gb/s,  500  Mb/s,  and  200  Mb/s,  respectively,  with  the  VCSEL  under 
similar  bias  conditions. 


stability  of  this  optical  link,  its  large-signal  modulation 
response  has  been  measured  at  temperatures  ranging  from 
77  K  to  160  K.  The  eye-diagrams  in  Fig.  19  demonstrate  the 
results  of  1-Gb/s  data  modulation  at  temperatures  varying  from 
77  K  to  160  K  in  steps.  The  cryogenic  VCSEL  is  biased  at  a 
fixed  drive  current  (7.0  mA)  and  is  modulated  at  a  constant 
data  rate  (1  Gb/s).  A  comparison  of  the  eye  diagrams  in 
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Fig.  19.  Eye  diagrams  showing  the  nearly  constant  large-signal  response  of 
the  cryogenic  optical  link  to  1  Gb/s  electrical  data  modulation,  under  a  fixed 
current  teas  (7.0  mA)  and  at  temperatures  ranging  from  77  K  to  160  K. 


Fig.  19  shows  that  a  very  stable  modulation  response  (similar 
amplitudes  and  response  times)  is  obtained  over  the  entire 
temperature  range  from  77  K  to  160  K.  The  threshold  current 
of  this  device  is  1.7  mA  and  threshold  voltage  is  1.8  V  at 
~100  K,  which  result  in  a  low  power  dissipation.  As  we 
have  discussed  previously,  the  threshold  current  is  very  stable 
from  100  K  to  10  K,  once  optimum  gain-mode  alignment  is 
achieved  at  ~100  K  and  the  slope  efficiency  saturates  at  close 
to  100%.  We  therefore  expect  the  large  signal  response  to 
remain  stable  even  at  the  lower  temperatures  from  10  K  to 


77  K,  thus  providing  stable  lasing  operation  over  a  very  wide 
temperature  range  from  10  K  to  160  K  (~150  K  wide). 

vn.  Conclusion 

We  have  designed  and  demonstrated  AlGaAs-GaAs  VC¬ 
SEL’s  that  are  optimized  for  operation  at  cryogenic  temper¬ 
atures,  achieving  superior  performance  that  includes  lower 
threshold  characteristics,  high  slope  and  power  efficiencies, 
lower  po^er  dissipation,  a  wider  modulation  bandwidth,  and 
thermall^  |^able  operation  over  a  wide  range  of  temperatures. 
Excellent  % CSEL  performance  has  been  extended  to  even 
lower  temperatures  down  to  5  K.  The  use  of  VCSEL’s  as 
a  high-speed  optical  link  for  cryogenic  applications  has  also 
been  demonstrated.  A  free-space  optical  interconnect  configu¬ 
ration  has  been  designed,  and  high-frequency  modulation  at  a 
data  rate  in  excess  of  2  Gb/s,  as  well  as  stable  operation  over 
a  very  wide  temperature  range  of  greater  than  150  K,  have 
been  achieved.  High-performance  cryogenic  VCSEL’s  thus 
represent  a  promising  approach  for  low-temperature  optical 
interconnect  applications. 
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RECONFIGURABLE,  MULTI-POINT  OPTICAL  INTERCONNECTS 
USING  VERTICAL-CAMTY  SURFACE-EMITTING  LASER-BASED 
,.d  PTOELECTRONIC  SWITCH  ARRAYS 
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Vertical-cavity  surface-emitting  lasers  (VCSELs)  can  be  integrated  with  other  other 
optoelectronic  components  to  to  form  compact  optoelectronic  integrated  circuits  that 
perform  complex  optical  functions,  including  optical  switching/routing,  multi-point 
optical  interconnection,  optoelectronic  transceiver,  and  optical  logic  processing. 

1.  INTRODUCTION: 

As  high-speed  computer  processors  are  linked  together  to  form  interactive  clusters 
and  networks  with  a  parallel  processing  capability,  there  is  a  need  for  real-time,  parallel 
communication  between  processors  at  increasingly  higher  data  rates.  To  distribute  j 
computing  power  amongst  the  processors  and  shared  resources  will  require  very  large  ! 
real-time  data  transfers  that  are  well  beyond  the  capacity  of  the  traditional  single  access 
buses  and  simple  point-to-point  links.  We  describe  a  dynamically  reconfigurable  optical 
interconnection  architecture  and  an  optoelectronic  switching  technology  for  optically 
linking  electronic  processors  together  and  routing  data  through  parallel  optical  channels 
(fig.l),  1  using  a  network  of  optoelectronic  switches  that  provide  optical  links  between 
nodes  and  electrical  access  (an  electrical  o  optical  interface)  to  each  processor. 

2.  VERTICAL-CAVITY  SURFACE-EMITTING  LASERS 

An  optical  switching  fabric  based  on  vertical-cavity  surface-emitting  lasers 
(VCSELs)  can  provide  parallel  photonic  pathways  for  clock  distribution  as  well  as 
input/output  data  communication  between  a  large  number  of  spatially  distributed 
electronic  processing  elements.  VCSELs  are  ideal  for  these  applications  because  of  their 
high  power  efficiency,  low  power  dissipation,  high  modulation  speed,  low  beam 
divergence,  narrow  spectral  width,  and  integrability  into  arrays.  VCSELs  can  also  be  . 
integrated  with  other  optoelectronic  components  to  perform  more  complex  optical  j 
interconnect  and  signal  processing  functions.  Individual  VCSELs  have  been  used  in  | 
point-to-point  optical  links  operating  at  a  multi-Gb/s  data  rate,  and  a  VCSEL  can  be : 
designed  for  optimum  operation  over  any  temperature  regime,  from  cryogenic  to  high 
temperature.  j 

j 

3.  VCSEL-BASED  OPTOELECTRONIC  INTEGRATED  CIRCUITS  (OEICs) 

VCSEL  arrays  can  be  integrated  with  heterojunction  bipolar  transistors  (HBTs)  to 
form  a  compact  optoelectronic  interface  for  a  parallel  optical  data  link.  Monolithic  j 
OEICs  integrating  VCSELs  with  GaAs/AlGaAs  HBTs  have  achieved  a  very  high 
electrical-to-optical  conversion  efficiency  and  a  large  bandwidth.  In  addition  to  HBTs, 


VCSELs  have  also  been  integrated  with  photodetectors  and  phototransistors  to  form 
compact  OEICs  that  perform  optical  switching,  routing,  logic,  and  optoelectronic  data 
conversion.  Integrating  VCSELs  with  heterojunction  phototransistors  (HPTs)  and 
photothyristors  has  produced  non-latching  and  latching  optical  switches,  respectively. 
Latching  switches  are  used  in  programmable  optical  logic  gate  arrays  that  can  perform 
different  logic  functions.  Non-latching  switches  can  perform  electrical  and  optical 
switching  to  convert  data  between  different  electrical  and  optical  input/output  formats.2 
We  describe  their  design,  switching  performance,  and  use  in  transmission  experiments 
through  an  optical  fiber. 

4.  RECONFIGURABLE  MULTI  POINT  OPTICAL  INTERCONNECTS 

Reconfigurable  routing  between  a  large  number  of  nodes  can  be  achieved  using  a 
mutli-stage  optical  routing  network  in  which  each  stage  contains  an  array  of  binary 
optical  routing  switches  (fig.  1)  that  provide  multi-point  interconnections  between  nodes. 
Each  node  can  be  routed  optically  to  any  other  node  by  selecting  a  path  through  the  ; 
switching  fabric  using  a  small  number  off  intermediate  hops.  Arrays  of  binary  optical 
routing  switches  have  been  made  by  integ$.ting  VCSELs  with  HBTs  and  photodetectors 
(PINs)  in  either  a  monolithic  or  hybrid  format.  Each  switch  node  can  transmit  or  receive 
optical  data,  or  to  re-route  it  optically  to  other  nodes,3  and  contains  an  optoelectronic 
interface  through  which  it  communicates  with  an  electronic  processor.  Each  node  (Fig.  2) 
contains  a  pair  of  PIN/HBT/V CSEL  switches,  whose  closely  spaced  PINs  form  a  single 
optical  input  port,  while  their  VCSELs  provide  two  spatially  separated  optical  output 
ports.  An  optical  signal  incident  upon  the  PIN  pair  switches  on  one  or  both  VCSELs 
according  to  the  routing  control  voltage  applied  to  each  switch.  Reconfigurable  optical 
switching  and  routing  have  been  demonstrated  at  500  Mb/s.4  Multi-stage,  optically 
cascaded  switching  and  routing  operations  have  also  been  demonstrated,3  with  a  peak 
single-stage  differential  dc  optical  gain  of  18. 
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ABSTRACT 

Recent  advances  in  the  design  of  high-speed  optical  switches  and  transceivers  for  a  r^|j  nfigurable,  spatially- 
multiplexed  optical  interconnection  network  are  described.  Monolithic  switches  based  on  the  integration  of  vertical-cavity 
surface-emitting  lasers  with  heterojunction  bipolar  transistors  and  photodetectors  have  achieved  switching  operation  at  a  data 
rate  of  close  to  1  Gb/s.  Optical  transmission  experiments  through  fibers  have  been  carried  out  using  these  switches  at  a  data 
rate  between  650  Mb/s  and  1  Gb/s.  For  future  improvements  in  performance,  the  photonic  and  electronic  elements  should  be 
separately  integrated  and  independently  optimized.  To  facilitate  photonic  integration,  VCSELs  and  resonance-enhanced 
photodetectors  have  been  integrated  on  the  same  substrate. 
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PUCTION 


Parallel  optical  interconnects  based  on  vertical-cavity  surface-emitting  laser  (VCSEL)  arrays  have  begun  to  emerge 
from  the  laborator^imd  into  the  market  place.  The  VCSEL  possesses  high  optical  power,  high  speed,  and  high  efficiency, 
while  producing  much  lower  power  dissipation  and  greater  thermal  stability.  VCSEL-based  optical  interconnects  may  play  a 
role  at  different  levels  of  the  interconnection  hierarchy,  including  but  not  limited  to  multiprocessor  networks  and  computer 
backplanes.  But  the  VCSEL’ s  potential  lies  beyond  simple  point-to-point  optical  links.  Many  future  applications  will  require 
high-speed  communication  between  parallel  processors  and  shared  memory  resources  on  a  continuous  or  more  sustained 
basis.  Demand  for  bandwidth  on  shared  buses  will  become  sufficiently  high  to  make  a  switching  solution  necessary.  A 
switched  optical  bus  provides  simultaneous  data  transfer  between  multiple  nodes  via  non-conflicting  paths,  each  of  which 
can  operate  at  the  maximum  bandwidth. 

We  have  previously  demonstrated  a  programmable  optical  interconnect  architecture  that  can  perform  dynamic  bus 
switching  and  data-path  routing  by  optically  interconnecting  clusters  of  electronic  processors  across  board-to-board  or  rack- 
to-rack  distances.  As  shown  in  fig.  la,  the  processing  elements  and  shared  memory  resources  in  each  cluster  are 
electrically  connected  in  a  bit-parallel  fashion  to  a  linear  array  of  optical  switches  (fig.  lb),  each  of  which  respresents  a  single 
node  of  the  network,  and  can  either  receive  or  transmit  optical  data  to  the  nodes  in  other  clusters.  The  inter-node  optical  paths 
can  be  reconfigured  by  simply  programming  the  connections  using  a  two-dimensional  array  of  binary  routing  switches  based 
on  the  integration  of  VCSELs  with  photodetectors  (phototransistors,  PIN  photodiodes,  and  resonant  photodetectors)  and  with 
GaAs  HBT  electronic  technology.  Each  switch  can  also  re-route  the  optical  data,  in  addition  to  performing  the  optical 
transceiver  functions.  Any  node  can  communicate  optically  with  any  other  through  a  series  of  intermediate  hops  (fig.  lc), 
which  can  occur  practically  on-the-fly  once  the  routing  path  is  set  up.  Figures  2a  and  2b  show  the  design  of  a  single  routing 
switch  node,  while  figures  2c,  2d,  and  2e  demonstrate  its  performance  of  optoelectronic  conversion,  optical  switching,  and 
optical  routing,  respectively,  at  -400  Mb/s.2  The  switch  design  has  been  kept  simple  in  order  to  focus  on  the  basic  optical  and 
optoelectronic  switching  functions,  deferring  the  more  complex  interface  and  logic  functions  to  the  processor  electronics. 

In  this  paper,  we  describe  a  newer  version  of  this  switch  that  can  operate  at  a  data  rate  of — 1  Gb/s.  The  higher  speed 
performance  is  largely  the  result  of  improved  HBT  design.  Using  PIN/HBT/VCSEL  switches  as  the  optical  transmitter  and 
the  optical  receiver,  respectively,  high-speed  fiber  transmission  experiments  have  also  been  earned  out  In  the  future,  we 
look  for  optical  switches  that  can  achieve  a  multi-GHz  switching  speed  and  an  aggregate  throughput  of  several  hundred  GHz. 
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Fig.  1.  (a)  A  dynamically  reconfigurable,  multi-access  optical  network  with  a  uni-directional  ring  shuffle 
geometry,  which  uses  monolithic  optoelectronic  switch  arrays  (b)  to  provide  optoelectronic  signal  conversion 
and  to  reconfigure  the  optical  routing  paths  through  the  network,  (c)  A  switched  optical  network  connecting 
processors  on  different  boards,  which  can  communicate  with  each  other  through  parallel  optical  paths. 


Fig  2.  (a)  A  2x2  reconfigurable  binary  switch  node  containing  two  elementary  PIN/HBT/VCSEL 
switches,  which  can  perform  optical  routing  as  well  as  optoelectronic  signal  conversions,  (b)  shows  the 
monolithic  switch  lay-out,  and  (c),  (d),  (e)  the  experimental  demonstration  of  optoelectronic 
conversion,  optical  switching,  and  optical  routing,  respectively,  at  a  data  rate  of  >  400  Mb/s. 
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ITiis  will  require  not  only  faster  HBTs,  but  also  more  efficient  photodetectors  and  VCSELs  with  much  lower  power 
dissipation.  We  are  looking  at  the  separate  integration  of  photonics  and  electronics  to  provide  better  optimization  of  each 
component.  We  will  describe  the  monolithic  integration  of  VCSELs  and  resonance-enhanced  photodetectors  (REPP)  to 
achieve  high-performance  source  and  detector  arrays.  Switching  performance  can  also  be  improved  by  using  optoelectronic 
switch  designs  that  require  the  VCSEL  to  be  grown  on  a  common  p-GaAs  substrate.  The  characteristics  of  p-side-down 
VCSELs  are  described. 

2.  DESIGN-0 F  OPTICAL  SWITCHES  WITH  ' MPROVF.T)  SPFF.T)  PF.WFOBMANrF 

Switching  performance  can  be  extended  to  the  Gb/s  regime  by  improving  the  HBT  design,  and  by  separating  the 
photodetector  (PD)  function  from  the  HBT.  To  preserve  the  simf  le  switch  design,  we  begin  with  die  HBT,  whose  speed 
performance  is  limited  by  the  requirement  of  a  high  current  gain  and  by  the  large  capacitance  of  the  PIN  photodiode  (base- 
collector  junction)  that  is  required  for  efficient  optical  coupling.  By  reducing  the  base  resistance  and  minimizing  the  extrinsic 
base-collector  junction  area,  an  improved  HBT/VCSEL  switch  fr-as  achieved  whose  characteristics  are  shown  in  fig.  3. 
Figure  3a  shows  the  monolithic  switch  layout,  while  fig.  3b  shows  the  current  gain  of  different  devices  as  a  function  of 
current  density,  with  a  peak  gain  of -100  at  a  current  density  of -10  kA/cm2.  The  small-signal  modulation  response  of  the 
switch^is  shown  in  fig.  3c,  wihich  has  a  unity-gain  bandwidth  of  2.5  GHz.  The  base  doping  of  this  switch  is  very  low 
(2x10  /cm  ).  T©  improve  this  bandwidth  further  will  require  the  use  of  self-aligned  HBT  processes,  as  well  as  a  thinner  and 
much  more  heavily-doped  base  layer. 


Fig.  3.  (a)  The  lay-out  of  a  monolithic  HBT/VCSEL  switch,  (b)  the  current  gain  of  HBTs  with  different 
emitter  areas  as  a  function  of  current  density,  (c)  the  modulation  response  of  a  15  (im  x  15  pm  HBT. 


A  monolithic  emitter-coupled  VCSEL  drive  circuit  (fig.  4b)  was  fabricated  using  this  improved  HBT  technology. 


Fig.  4.  (a)  The  monolithic  lay-out,  and  (b)  circuit  design,  of  an  emitter-coupled  VCSEL  drive  circuit  containing  2 
HBTs  and  a  VCSEL,  and  (c)  its  optical  response  to  electrical  modulation  by  800  Mb/s  NRZ  pseudorandom  data. 
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The  lay-out  in  figure  4a  shows  two  independent  HBT/VCSEL  switches,  each  containing  two  HBTs  and  a  VCSEL.  The 
switch  has  a  10%-to-90%  rise-time  of  t  -  0.35  ns  (c./,  0.8  ns  for  previous  switch  designs4).  Its  response  to  pseudorandom 
data  modulation  (fig.  4c)  shows  a  wide-open  eye  diagram  at  800  Mb/s,  with  1  Gb/s  operation  easily  feasible.  The  displayed 
signal  is  in  fact  limited  by  the  bandwidth  of  the  receiver,  which  has  a  small-signal  response  of  ~1  GHz. 

3.  Plft  i  FORMAN CE  OF  MONOLITHIC  OPTICAL  SWITCHES  AS  OPTICAL  TRANSCEIVERS 


The  use  of  the  PIN/HBT/VCSEL  switch  as  transmitter  and  optical  routing  switch  has  previously  been  demonstrated 
at  a  data  rate  of -500  Mb/s  [2].  The  use  of  this  same  switch  (not  the  faster  HBT/VCSEL  switch  described  in  section  2)  as  an 
optical  receiver  has  also  been  experimentally  evaluated  using  optical  transmission  through  different  lengths  of  both  single¬ 
mode  (SM)  and  multi-mode  (MM)  fibers.  Two  different  PIN/HBT/VCSEL  switches  are  used  as  the  transmitter  and  the 
receiver,  respectively,  as  shown  in  fig.  5a.  Optical  transmission  experiments  were  carried  out  across  a  short  length  (0.5  m)  of 
both  SM  and  MM  fibers,  at  a  data  rate  of  650  Mb/s  and  1  Gb/s,  respectively.  The  optical  power  (-0  dBm)  from  the  VCSEL 
was  coupled  into  a  multi-mode  fiber  with  >90%  efficiency  (<  0.5  dB  coupling  loss).  The  transmitted  light  was  iikelwise 
coupled  to  the  PIN  detector  area  of  the  receiver  (PIN/HBT/VCSEL  switch)  with  >90%  efficiency.  The  uncoated  PIN  has  an 
external  quantum  efficiency  of  -59%  (-2.3  dB,  for  a  responsivity  -  0.4  mA/mW),  and  the  combined  fiber  transmission  loss 
and  dispersion  is  <3.5  dB/km  at  650  Mb/s.  Allowing  a  3  dB  margin  for  thermal  variations  and  degradation,  a  power  budget 
of -10  dB  would  be  required  for  a  1  km  link  operating  at  650  Mb/s. 


MM  Fiber 
Coupling  Loss 
<-0.45  dB(>90%) 


Output  Coupling  Loss 


Received  Peak  Optical  Power  (dBm) 


Fig.  5.  (a)  The  experimental  configuration  for  studying  optical  transmission  through  an  optical  fiber,  using  two 
PIN/HBT/VCSEL  switches  as  the  optical  transmitter  and  optical  receiver,  respectively,  (b)  The  bit  error  rate  as 
a  function  of  received  optical  power,  for  SM  transmission  at  650  Mb/s,  and  MM  transmission  at  1  Gb/s. 

The  experimental  data  (fig.  5b)  shows  that  for  650  Mb/s  transmission  through  a  short  (0.5  m)  SM  fiber,  where 
dispersion  and  fiber  loss  are  negligible,  a  bit-error-rate  (BER)  of  1  O'9  was  achieved  at  an  optical  input  signal  level  of -10.5 
dBm.  This  poor  sensitivity  shows  that  the  input  noise  level  of  the  PIN/HBT/VCSEL  receiver  is  very  high,  which  is  not 
surprising  for  a  low  impedance  front-end  (input  impedance  <  500  fl).  There  is  also  a  flattening  of  the  BER  performance  at 
larger  signal  levels,  with  a  BER  floor  of -10’10,  which  is  attributed  to  the  modal  noise  produced  by  the  interference  between 
the  different  lasing  modes  as  they  propagate  through  a  dispersive  fiber,  where  various  disturbances  can  produce  mode- 
selective  losses5  that  result  in  significant  intensity  fluctuations.  The  impact  of  these  fluctuations  are  more  pronounced  in  a 
SM  fiber  operating  at  wavelengths  shorter  than  the  cut-off  of  the  second-order  modes,  where  there  are  only  a  few 
propagation  modes,  than  in  the  MM  fiber,  where  there  are  many.  For  650  Mb/s  transmission  across  a  1  km  length  of  SM 
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fiber,  fig.  5b  again  shows  a  BER  floor  at  ~10'10  at  an  optical  power  level  of  -5.5  dBm.  Although  a  loss  and  dispersion- 
related  shift  of  -3  dB  is  expected,  this  was  not  observed,  possibly  due  to  variations  in  the  coupling  efficiency  of  light  into  a 
SM  fiber.  In  the  case  of  a  short  (0.5  m)  multi-mode  fiber,  a  BER  of  ~10*10  was  achieved  at  a  data  rate  of  1  Gb/s  and  at  an 
optical  power  level  of  -5.5  dBm.  This  even  lower  sensitivity  is  due  to  the  roll-off  in  the  modulation  response  of  the  switches 
at  both  ends,  and  to  the  greater  noise  levels  that  exist  at  higher  frequencies. 

These  results  demonstrate  that  the  PIN/HBT/VCSEL  switch,  in  its  present  simple  format,  can  provide  a  nearly 
sufficient  power  margin  for  transmission  at  ~  650  Mb/s,  but  not  at  Gb/s  data  rates.  A  different  receiver  design  is  needed  to 
achieve  both  better  sensitivity  and  higher  speed.  However,  a  significant  improvement  in  sensitivity  can  also  be  achieved  by 
the  use  of  a  more  efficient  photodetector  than  is  provided  by  the  base-collector  junction  of  the  HBT. 

4.  FUTURE  IMPROVEMENTS  IN  MONOLITHIC  SWITCHING  PERFORMANCE 
4.a.  Optical  routing  switches  with  inverted  VCSELs  grown  on  p-GaAs  substrates 

Figure  6a  and  6c  show  several  simple  front-end  configurations  for  a  PIN/HBT/VCSEL  switch,  the  former  requiring 
VCSELs  with  a  common  n-substrate,  the  latter  with  a  common  p-substrate.  Modeling  studies  show  that  greater  speed 
performance  can  be  achieved  with  the  latter,  which  also  simplifies  the  interconnect  requirements  in  a  switching  array 
architecture  (emitter-based  vs  collector-based  routing  control).  Figure  6e  shows  the  epilayer  design  and  device  structure  of  a 
binary  routing  switch  based  on  an  inverted  VCSEL  structure  grown  on  a  p-GaAs  substrate. 

J-.  !U, 

VCSELs  with  neamdl:  jentical  structures  (except  for  the  inverted  doping)  have  been  grown  on  both  p-type  and  n- 
type  GaAs  substrates  by  MOCvD.  Both  structures  contain  a  GRINSCH  active  region  and  linearly  doped  heterointerfaces, 
and  has  nearly  identical  doping  profiles.  Comparing  16  pm  diameter  devices,  their  current  thresholds  (5-6  mA)  and 
electrical  characteristics  are  comparable,  although  the  p-substrate  devices  show  a  slightly  lower  series  resistance  (a  smaller 
spreading  resistance  contribution).  For  these  devices,  the  n-substrate  VCSELs  show  a  higher  output  power  and  greater  slope 
efficiency  than  the  p-substrate  VCSELs.  However,  there  is  insufficient  data  at  this  time  for  a  definitive  comparison  of  these 
devices.  Base  on  prima  facie  evidence,  their  performance  may  be  assumed  to  be  comparable. 


Fig.  6.  Configurations  for  a  simple  PIN/HBT/VCSEL  switch,  with  the  VCSEL  grown  on  (a)  a  n- 
type  substrate,  and  (c)  a  p-type  substrate,  respectively,  (b)  and  (d)  compare  the  electrical  and  light- 
current  characteristics  of  these  devices,  and  (e)  shows  the  epilayer  structure  and  device  lay-out  of  a 
monolithic  binary  routing  switch  based  on  a  p-type  substrate. 

4.b.  Monolithic  photonic  integration  of  VCSELs  and  resonance-enhanced  photodetectors 

Improved  photoresponse  (sensitivity  and  bandwidth)  may  be  achieved  by  using  resonance-enhanced  photodetectors 
(REPDs),  which  can  be  monolithically  integrated  with  the  VCSEL  on  a  common  substrate  (figure  7).  This  is  an  important 
development,  since  a  large  array  of  integrated  VCSELs  and  REPDs  can  represent  a  fundamental  building  block  for  many 
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generic  optical  interconnect  applications.  In  high  density,  parallel  optical  interconnect  applications,  it  is  often  advantageous 
to  monolithically  integrate  the  photonic  functions  on  a  single  substrate  in  order  to  achieve  improved  performance  and  to 
simplify  packaging.  As  we  have  seen  from  the  switching  performance,  it  is  desirable  to  have  an  epilayer  design  that  does  not 
require  compromising  the  perffomance  of  any  individual  components  *  electronic  or  photonic.  In  particular,  we  would  like 
to  eliminate  the  gain-bandwidth  trade-off  that  must  be  made  when  the  HBT  layers  provide  electronic  gain  as  well  as 
photodetection,  which  leads  to  a  non-optimum  design  that  compromises  both  the  modulation  bandwidth  of  t^.:  HBT  and  the 
responsivity  of  the  PIN.  ^ 

The  optical  source  and  photodefr  ction  functions  can  be  integrated  without  compromising  the  performance  of  either, 
by  monolithically  integrating  a  VCSEL  tnd  a  REPD  using  a  single  epilayer  design.6  The  VCSEL  and  die  REPD  share  a 
common  multi-quantum-well  active  regicn  that  is  enclosed  within  two  different  embedded  resonance  cavities.  Each  cavity  is 
individually  optimized  to  provide  efficient  operation  for  the  VCSEL  as  well  as  the  REPD.  Since  optimum  VCSEL 
performance  requires  very  high  mirrror  reflectivities,  while  optimum  REPD  performance  requires  a  cavity  with  lower 
reflectivities,  the  use  of  a  single  design  may  compromise  both.  However,  in  the  design  shown  in  fig.  7a,  the  cavity  of  the 
REPD  is  embedded  within  the  cavity  of  the  VCSEL,  so  that  the  former  cavity  can  be  realized  by  chemically  removing  some 
of  the  DBR  pairs  from  the  upper  mirror  in  the  selected  REPD  regions  of  the  wafer,  while  leaving  the  cavity  intact  in  die 
VCSEL  regions.  The  reduced  Q  of  the  REPD  cavity  provides  a  broader  resonance-enhanced  absorption  window. 


Fig.  7.  (a)  Epitaxial  structure  of  the  integrated  VCSEL  and  REPD.  The  active  region  is  composed  of 
three  80  A  InGaAs  quantum  wells,  and  is  placed  between  two  distributed  Bragg  reflector  (DBR) 
mirrors.  The  VCSEL  uses  all  24  mirror  pairs  of  the  upper  DBR  while  the  REPD  uses  only  1 1 .  Also 
shown  is  a  hybrid  switching  circuit  separately  integrating  the  photonic  and  electronic  elements,  (b) 

The  light-current  characteristics  of  VCSELs  with  an  active  area  diameter  of  8  pm,  12  pm,  and  16 
jxm,  respectively,  (c)  Measured  (dots)  and  calculated  (dashed  line)  values  of  die  quantum  efficiency 
of  the  REPD  as  a  function  of  the  wavelength  of  a  tuned,  narrow-band  optical  source  (probe). 

Experimentally,  we  have  achieved  REPDs  with  a  quantum  efficiencies  of  close  to  90%  (fig.  7c),  and  VCSELs  (fig. 
7b)  with  threshold  current  densities  as  low  as  850  A/cm2  and  slope  efficiencies  as  high  as  50%.  The  measured  external 
quantum  efficiency  of  the  detector  is  plotted  as  a  function  of  wavelength  in  Fig.  7c,  which  compares  favorably  with  the 
numerical  simulation  results.  The  photodetectors  ^hibited  excellent  performance  across  the  sample,  with  peak 
responsivities  as  high  as  0.65  A/W  at  X=943.5  nm,  corresponding  to  an  external  quantum  efficiency  of  85%  at  a  reverse  bias 


332 


of  3  V,  and  the  width  of  the  measured  responsivity  spectrum  is  ~20  A.  The  VCSELs  also  demonstrated  very  good  dc 
operating  characteristics  (fig.  7b).  Devices  with  active  area  diameters  varying  from  8  pm  to  16  pm  exhibited  threshold 
currents  in  the  1.5  -  2.5  mA  range,  differential  quantum  efficiencies  of  20%  to  50%,  maximum  output  powers  from  1.2  -  3.5 
mW,  and  threshold  current  densities  as  low  as  850  A/cm2. 

5.  CONCLUSIONS 

High-speed  switching  has  been  achieved  by  integrating  VCSELs  with  PIN  photodiodes  and  HBTs.  Optical 
transmission  studies  using  PIN/HBT/VCSEL  switches  as  transmitter  and  receiver  demonstrated  that  modulation  at  650  Mb/s 
is  possible  across  a  1  km  distance,  with  a  BER  <  10'9,  and  a  sensitivity  of  -10  dBm  at  BER=3xlO'10.  Monolithic  optical 
transmitters  consisting  of  HBTs  and  VCSELs  have  also  been  modulated  at  ~1  Gb/s.  Switching  performance  can  be  farther 
improved  by  the  separate  integration  of  photonics  and  electronics,  and  the  photonic  integration  of  high  performance  VCSELs 
and  REPDs  has  been  demonstrated.  High  performance  p-substrate  VCSELs  have  also  been  demonstrated,  and  will  be  used  to 
improve  switching  performance  in  future  monolithic  switch  designs. 
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ABSTRACT 

We  describe  a  compact  optoelectronic  switching  technology  for  interconnecting  multiple  computer  processors  and  shared 
memory  modules  together  through  dynamically  reconfigurable  optical  paths  to  provide  simultaneous,  high  speed 
communication  amongst  different  nodes.  Each  switch  provides  an  optical  link  to  other  nodes  as  well  as  electrical  access  to  an 
individual  processor,  and  it  can  perform  optical  and  optoelectronic  switching -to  conveU  digital  data  between  various%jectrical 
and  optical  input/output  formats.  This  multi-functional  switching  technology  is  based  on  the  monolithic  integration  of  arrays 
of  vertical-cavity  surface-emitting  lasers  with  photodetectors  and  heterojunction  bipolar  transistors.  The  various  digital 
switching  and  routing  functions,  as  well  as  optically  cascaded  multi-stage  operation,  have  been  experimentally  demonstrated 

LJNTRODUCnON: 

As  increasing  numbers  of  high-speed  digital  processors  are  linked  together  to  form  interactive  computer  networks 
that  provide  a  parallel  processing  capability,  there  is  a  growing  need  for  a  high  speed  bus  that  allows  many  processors  to 
communicate  simultaneously  with  each  other  and  with  shared  memory  facilities,  through  parallel  transmission  paths  and  at 
increasingly  higher  data  rates.  Ore  example  is  high  resolution  image  processing  applications  in  which  digitized  imag«  dam 
from  multiple  remote  sources  tru  st  be  individually  decompressed,  stored,  and  processed  in  real-time  by  a  angle 
multiprocessor  cfnputer.  Another  application  requiring  parallel,  high-speed  data  transfer  is  multi-location  video 
conferencing; ,  which  may  require  the  real-time  transfer,  continuous  processing  and  display  of  high  resolution  data  from 
several  remote  ijjt  nations,  and  the  storage  and  acquisition  of  a  vast  amount  of  digital  data  in  shared  memory  facilities.  Both 
examples  require  parallel,  multi-point  data  transfers  that  are  beyond  the  capacity  of  the  traditional  (albeit  high  speed)  single 
access  buses  and  backplanes.  Although  the  current  computer  memory  hierarchy  provides  relatively  slow  data  arquiritimy 
which  mitigates  the  need  for  a  very  high  speed  bus,  it  is  expected  that  as  new  technologies  improve  the  access  to  stored  datat 
the  serial,  single-access  bus  will  again  become  the  bottleneck.  To  facilitate  parallel  computing  operations,  a  multi-point, 
multi-access  interconnection  network  will  be  needed  to  provide  the  simultaneous  transfer  and  routing  of  data  between 
multiple  processors  and  their  shared  memory  facilities.  This  paper  describes  a  high-speed,  dynamically  reconfigurable  optical 
interconnection  technology  that  permits  parallel  data  communication  between  a  large  number  of  electronic  processors  and 
shared  memory  facilities.  Although  parallel,  point-to-point  optical  data  links  can  be  implemented  using  conventional 
transceivers  without  the  switching  function,  switching  provides  a  dynamically  reconfigurable  network  with  selectable  access 
to  the  different  network  nodes. 

2^-XHE  OPTICAL  INTERCONNECT  ARCHITECTURE: 

The  multi-processor  interconnect  is  based  on  the  dynamic  reconfiguration  of  a  multi-stage,  multi-path,  spatial  routing 
network  with  a  closed  ring  geometry  (Fig.  I).1'3  Each  stage  contains  a  cluster  of  processors  or  shared  memory  modules  that 
communicate  with  other  clusters  through  a  space-division-multiplexed,  multi-stage  network  of  optoelectronic  switches,  each  of 
which  provides  an  optical  link  to  other  nodes,  as  well  as  an  electrical  access  to  an  associated  electronic  processor  or  shared 
memory  module.  The  individual  processors  and  shared  memories  in  each  cluster  (stage)  are  compact  multi-chip-modules 
(MCMs),  several  (N)  of  which  reside  on  each  board.  Each  stage  (Fig.  2)  also  contains  an  (NxK)  optoelectronic  switching 
array  that  is  electrically  connected  to  each  of  the  N  processors  in  a  bit-parallel  fashion  (K  bits  wide).  By  arranging  the 
network  in  the  form  of  a  closed  ring  (Fig.  1),  any  node  can  be  interconnected  to  any  other  by  selecting  a  routing  path  through 
the  switching  fabric  in  a  small  number  of  hops.  Space-division-multiplexed  networks  can  provide  a  very  large  spatial 
bandwidth  since  lirge,  compact  switching  matrices  can  be  achieved  by  optoelectronic  integration,  and  many  parallel  channels 
can  be  routed  optimally  between  nodes  at  the  same  time.  Although  this  approach  is  limited  to  relatively  short  physical 
distances,  it  is  welh suited  for  the  optical  backplane  of  a  multi-processor  workstation  or  other  dense  processor  clusters.  As 
shown  in  Figures  2  ind  3,  each  switch  node  must  function  as  an  optical  transceiver  by  receiving  or  transmitting  optical  data, 
but  it  must  also  be  able  to  perform  switching  operations  to  re-route  data  optically  to  the  next  stage  (bypass  mode),  all  in  a  bit- 
parallel  fashion.  The  received  optical  data  (P^)  is  converted  into  electrical  data  (EcJ,  which  is  either  dropped  at  that  node,  or 
is  regenerated  optically  and  routed  to  the  next  stage  (P^.  The  switch  must  also  accept  electrical  input  data  (E*)  from  a  local 
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Figure  1.  A  reconfigurable,  spatially-multiplexed,  multi-stage  optical  interconnection  network  linking  multiple 
processors  and  shared  memory  facilities  together  through  a  reconfigurablc,  multi-path,  multi-access  optical  bus 
(backplane). 
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processor  and  convert  it  to  an  optical  format  (Pom)  for  transmission.  Thus  each  switch  must  contain  an  optical  source  and  a  ■ 
photodetector,  as  well  as  their  drive  circuitry  and  the  switching  function,  and  it  must  be  able  to  convert  digital  data  between  | 
various  electrical  arid  optical  input/output  formats.  As  shown  in  the  inset  of  Fig.  3,  the. input  port  of  each  node  can  be  divided 
into  two  contiguous  segments,  each  of  which  is  connected  to  one  or  mare  output  ports,  thus  forming  a  binary  optical  switch  m 
with  reconfigurable  routing  capabilities.1’4  By  providing  each  binary  switch  with  an  optoelectronic  interface  to  effect  I 
electrical  ^optical  data  conversion,5’6  and  electrically  connecting  a  processor  to  each  node  (k  bits  wide),  we  have  a  high 
speed  optical  bus  that  allows  the  processors  to  communicate  through  parallel,  reconfigurable  optical  interconnections.  Each 
binary  switch  can  tow  be  modulated  either  by  P*  from  another  node  or  by  E*  from  its  associated  processor,  to  produce  a  I 
current  modulation  that  is  spatially  routed  to  one  or  more  nodes  (fan-out)  within  the  switch  array,  where  it  produces  both  a™ 
modulated  electrical  signal  (E,*,)  that  is  sent  to  the  corresponding  processor  and  a  regenerated  optical  output  (P^a)  that  is 
optically  transmitted  to  the  next  stage.  The  internal  routing  paths  within  each  array  can  be  reconfigured  by  choosing  a  set  of  I 
control  voltages.  Parallel  optical  data  channels  propagate  between  stage  s  (boards)  through  free  space  or  through  a  weakly- 1 
guided  medium,  and  are  routed  to  other  nodes  in  successive  stages  under  electronic  routing  control.  Either  local  or  centralized 
routing  control  can  be  used,  and  both  packet  and  circuit  switching  are  p1}  ssible.  Since  there  is  only  a  finite  number  of  boards^ 
or  routing  stages,  only  a  few  monolithic  optoelectronic  switch  arrays  ari  f.eeded  to  implement  the  entire  network,  representing! 
a  potentially  low-cost  solution  to  a  reconfigurable  optoelectronic  backplane.  * 

*  TffF  RECONFIGURABLE  OPTOFI  FFTRONTr  SWITCHING  TECHNOLOGY  ■ 

This  interconnect  architecture  can  be  implemented  using  a  monolithic  optoelectronic  switching  technology  consisting® 
of  high-speed  (155-622  Mb/s  near  term,  >lGb/s  in  the  future)  switches  that  can  perform  both  optical  and  optoelectronic 
switching  functions  to  convert  data  between  various  electrical  and  optical  formats,  and  which  are  integrable  into  large  array® 
to  route  c'ata  in  parallel  through  many  dynamically  reconfigurable  optical  channels.  We  will  describe  a  technology  based  on  ! 
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HYBRID  OPTOELECTRONIC  SWITCHING  NODE 


Figure  2.  Schematic  functional  configuration  of  the  optical  backplane,  in  which  each  processor  cluster  is 
linWH  to  an  optical  routing  switch  array  through  an  optoelectronic  interface,  while  data  is  routed  optically 
between  clusters.  The  switch  array  must  perform  some  of  the  function!  of  a  hybrid  transceiver  (as  shown). 

he  integration  of  GaAlAs/GaAs  vertical-cavity  surface-emitting  lasers  (VCSELs),  heterojunction  bipolar  transistors  (HBTs), 
ind  heterojunction  phototransistors  (HPTs)  or  PIN  photodetectors.  We  use  a  switch  design  with  minimum  complexity  to 
v-rfnrm  both  the  transceiver  (optoelectronic  coi  version)  and  optical  bypass  functions.  Binary  configurations  of  these 
.lementary  HPT/VCSEL  switches  with  segmented  HPTs  will  then  perform  the  more  complex  reconfigurable  routing 
unctions.3  We  describe  the  switch  design,  and  the  experimental  performance  of  the  functions  that  are  required  by  the 
□terconnect  architecture. 

IA-  vr<?FT <;  and  vrSET- based  Optical  Switches: 

VCSELs  are  well  suited  for  parallel  optica]  interconnect  applications  since  they  are  readily  integrated  into  dense, 
wo-dimensional  arrays  to  provide  a  compact,  parallel,  surface-nomal  architecture.  The  VCSEL  also  provides  a  coherent,  high 
peed  optical  source  with  good  optical  beam  quality,  high  output  power,  low  power  dissipation,  good  thermal  stability,  stable 
urrent-voltage  characteristics,  and  a  very  wide  operating  temperature  range.7  The  electrical  and  light-current  characteristics 
•f  a  typical  16  pm  diameter  VCSEL  that  is  used  in  the  switching  experiments  is  shown  in  Figure  4.  It  produces  a  high  output 
■ower  (up  to  10  mW)  and  high  power  conversion  efficiency  (13.5%),  and  has  thermally  stable  electrical  characteristics,  and 
3W  operating  voltages  <3V  over  a  wide  range  of  temperatures.  High  performance  optical  and  optoelectronic  switches,  with 
igh  optical  or  optoelectronic  gain  and  contrast,  and  moderately  low  optical  swjjjihing  energy,  have  been  made  by  integrating 
ae  VCSEL  alternatively  with  a  HPT1  or  with  a  HBT.5  These  switches  h(|ve  also  been  combined  into  more  complex 
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configurations  to  perform  different  spatial  routing  functions  under  simple  voltage  control.^  These  multi-functional  switches 
can  perform  different  combinations  of  electrical  and  optical  switching  functions  at  high  data  rates  (>200Mb/s),8,9  and  exhibit 
electrical  as  well  as  optical  gain. 


Figure  4.  The  dc  characteristics  of  the  components  of  a  HBT/VCSEL  switch:  (a)  the  dc  characteristics  of  a 
common-emitter  HBT  with  a  current  gain  of  -200,  and  (b)  The  current-voltage  and  light-current 
characteristics  of  a  VCSEL  with  a  20pm  active  area. 


3.B.  Monolithic  HBT/VCSET.  Optoelectronic  Switching  Interlace-: 


:  an£ 


The  integration  of  VCSELs  with  high  speed  electronics  is  driven  by:  1)  the  desire  to  combine  the  optical  source ; 
and  its  driver  circuits  into  a  single  technology,  and  2)  to  provide  a  simple  optoelectronic  interface  for  photonic  switching 
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.  VP5FI  hased  optical  switches.  While  the  processors  may  communicate  with  each  other  through 

is  n«ded  lo  allow  each  node  ..  cochleae  wiih  ha  elechoMc  -no, 

.  .  .  .  fi,„rt:nnc  The  interface  performs  high  speed  electrical  O  optical  signal  conversion  to  provide  each  node 

^  a  dirSScal  link  .0  the  switching  fabric.  A  muM-funcUonc,  HBT/VCSEL  optical  a.  d  op,oel«ttri^awhch^  » 

~>r — - 

and  optical  input/ou^ut  form  . _  P  ^  allows  us  to  construct  the  reconfigurable,  three-dimensional,  muta- 
switched .optica] l  or  < ^optical  switching  fabric  contains  a  simple  (K-bit  wide)  optoelectronic 

LtSfaceto  each  processor!  which  provides  a  convenient  platform  for  combining  electrical  and  optical  input  data  packets  into 
a  common  format.  We  will  describe  the  design  and  performance  of  this  monolithic  optoelectronic  switch,  and  the 
experimental  demonstration  of  its  digital  switching  and  routing  functions. 


Fieure  5.  (a)  Photomicrograph  of  the  monolithic  3-terminal  HPT/VCSEL  switch,  and  (b)  schematic  diagram  of  its 
emitter-follow  circuit,  with  optical  input  P^,  electrical  input  E^,  optical  output  Pout,  and  electrical  output  Iqup 


Figure  6.  Epitaxial  structure  and  device  design  of  a  monolithic,  3-terminal  HPT/VCSEL  switch  with  an 
emitter-follower  geometry. 
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A  very  simple  transceiver  circuit  is  the  HBT/VCSEL  optoelectronic  switch  shown  in  Figure  5,  which  uses  an  emitter 
follower  configuration  as  mandated  by  the  common  n-substrate  contact  of  the  VCSELs.  A  common-emitter  configuration 
would  allow  higher  speed  performance,  but  this  requires  that  the  VCSELs  be  grown  on  a  p-type  or  a  semi-insulating  substrate  ■ 
In  the  epitaxial  design  depicted  in  Figure  6,  the  HBT  layers  are  grown  above  the  VCSEL  structure  on  an  t-GaAs  substrate  I 
separated  by  an  undoped  GaAs  isolation  layer.  The  VCSEL  active  layer  consists  of  a  four-quantum-well  GaAs/AlGaAs 
graded-index  separate-confinement  heterostructure  (GRINSCH),  which  is  bounded  by  two  distributed  Bn  eg  mirrors  with* 
continuously-graded  hetero-interfaces.  6  B 

Figure  7  shows  the  small-signal,  (a)  electrical  and  (b)  optical  modulation  response  of  an  integrated  HBT/VCSEL 
switch  with  a  lOxlOpm2  emitter  area  and  a  VCSEL  active  area  diameter  of  20pm.  The  dc  current  gain  of  this  device  is  6=31* 
at  a  collector  current  of  Ic=10mA.  At  this  bias  level,  the  HBT  saturates  at  1.5V,  while  the  VCSEL  threshold  voltage  (current  Jl 
is  2.1V  (5.5mA),  and  switching  can  be  effected  with  a  collector  bias  of  less  than  5V.  The  relative  small-signal  response  of  the 
HBT  collector  current  to  a  voltage  modulation  applied  to  the  base  is  shown  in  Fig.  7a,  which  shows  the  forward  transmissiot* 
coefficient  S21,  and  the  current  gain  h2l-  The  HBT  has  an  unity  gain  bandwidth  of  600MHz.  Figure  7b  shows  the  small-signal* 
electncal-to-optical  modulation  response  of  the  switch  for  different  values  of  bias  current,  which  has  the  typical  resonant 
frequency  response  of  a  diode  laser  modulated  above  threshold,  which  is  modified  by  the '  ransconductance  of  the  foUowet* 
circuit.  The  modulation  response  saturates  at  a  bandwidth  of  -4  GHz.  V 
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PSEUDORANDOM  DATA  MODULATION  OF  AN 
INTEGRATED  HBT/VCSEL  SWITCH  AT  500MB/S. 
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5?“  8  sho'vs  the  of  HBT/VCSEL  swiich  uixfer  large-signal  pseudorandom  dam  modulation  i 

500Mb/s.  The  upper  tiara  represents  the  modulated  light  output  of  the  VCSEL,  while  the  lower  trace  shows  the  — ■..t.r~e 
collector  current,  with  a  6.8mA  current  modulation  superimposed  on  a  7.2mA  dc  bias.  The  modulated  <  lectrical  pulses  have* 
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Figure  7:  (a)  The  snu  11-signal  modulation 

response  of  the  HBT/VCSE1  switch,  showing  (a) 
the  forward  transmission  coefficient  S21  and  the 
current  gain  h2i,  and  (b)  the  electrical-to-optical 
modulation  response  at  different  dc  bias 
currents. 


lns/div. 

Figure  8.  The  eye  diagram  of  an  HBT/VCSEL 
switch  under  500Mb/s  pseudorandom  data 
modulation,  showing  the  modulated  optical 
output  of  the  VCSEL  (upper  trace)  and  the 
modulated  collector  current  (bottom  trace). 


10%-90%  transition  time  (-2.2X)  of  0.6ns,  and  shows  no  significant  pulse  narrowing  due  to  a  turn-on  delay  when  the  swit 
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is  pre-biased  above  the  lasing  threshold.  The  same  epitaxial  structure  can  also  be  used  as  a  platform  for  the  integration  of 
VCSELs  with  more  complex  HBT  electronic  logic  circuits  as  well  as  phototransistors  and  to  perform  more  extensive 
optoelectronic  interface  and  switching  functions. 

The  functional  circuit  diagram  of  a  single  three-terminal  HPT/VCSEL  switch  (Fig.  5)  shows  that  it  can  be  switched 
by  either  an  optical  input  PjQ  or  by  an  electrical  input  applied  to  the  base  of  the  HBT,  producing  both  an  optical  output 
Pout  d  an  electrical  voltage  modulation  Epuf  The  switched  output  emerges  as  the  optical  output  of  the  VCSEL  or  as  the 
modtik  ter*  collector  current  of  the  HPT,  which  can  be  coupled  to  an  external  circuit  as  a  voltage  modulation  (Fig.  9).  A  dc 
biaB  can  to  applied  at  the  base  to  pre-bias  the  VCSEL  near  threshold.  The  base  also  provides  an  input  port  for  electronic  data 
from  a  source  processor.  As  shown  in  Fig.  9,  the  optical  input  produces  an  amplified  collector  current  Ig  and  a  voltage 
modulation  Eout.  The  former  modulates  the  VCSEL  to  produce  a  regenerated  optical  output  (0=>0  optical  switching),  which 
is  transmit  to  the  next  node,  while  the  latter  represents  the  optoelectronically-switched  electrical  output  (0=s>E  conversion), 
which  is  ltceived  by  the  processor.  An  electrical  input  Ejjj  (from  a  processor)  applied  to  the  base  c-f  the  HIT  also  produces  a 
modulated  current  Ic  and  a  modulated  voltage  Eout.  The  former  produces  an  optoelectronically  switched  optical  output  from 
the  VCSEL  (£=><?  conversion),  which  is  transmitted  to  another  node,  while  the  latter  represents  the  electrically  switched(E ^ 
E)  output  data,  which  is  received  by  another  processor.  Each  processor  can  thus  receive  or  transmit  data  through  the  optical 
switch. 
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Figure  9.  The  experimental  setup  for  measuring  the  switched  electrical  (1^)  and  optical  (Pout)  outputs  of  the 
monolthic  HPT/VCSEL  switch  in  the  presence  of  either  electrical  (E^)  or  optical  (P^q)  inputs. 

The  various  switching  functions  are  experimentally  demonstrated  using  different  combinations  of  optical  and 
electrical  inout/output  (Fig.  10).  Two  different  data  patterns  modulate  the  optical  and  electrical  inputs  to  the  HPT  during 
alternate,  non-overlapping  time  intervals.  The  optical  data  is  incident  on  the  base-collector  junction  of  the  HPT,  while  the 
electrical  data  directly  modulates  the  base  of  the  HPT.  The  switch  processes  the  electrical  and  optical  input  data  packets, 
converting  each  into  both  a  switched  optical  and  electrical  output,  and  combining  them  into  a  single  packetized  data  stream. 
The  first  two  traces  in  Figure  9  show  the  modulated  collector  current  Ic  in  the  presence  of  only  the  electrical  (trace  1)  or 
optical  (trace  2)  input  data,  demonstra  ting  the  achievement  of  (£=>£)  and  (0=>£)  switching.  Traces  3  and  4  show  the 
modulated  electrical  output  (Ig)  and  optical  output  (Pout)  when  optical  and  electrical  input  data  are  both  present.  Each  trace 
contains  replicas  of  both  the  optical  and  electrical  inputs.  Thus  the  switch  has  demonstrated  the  conversion  of  either  electrical 
or  optical  data  into  both  opir^jand  electrical  outputs  at  a  data  rate  of  -200  Mb/s. 

The  optical  and  electrical  output  response  of  the  integrated  thiee-tepniiSjal  HPT/VCSEL  switch  to  either  optical  or 
electrical  input  modulation  by  large-signal,  pseudorandom  data  at  200  Mb/s  krl 'summarized  by  the  eye  diagrams  shown  in 
Fig.  11,  which  are  wide  open.  Figures  9-11  show  that  optical  switching  can  be  achieved  at  a  data  rate  of  >200  Mb/s,  while 
electrical-to-optical  data  conversion  can  occur  at  a  data  rate  well  in  excess  of  500  Mb/s. 

4  ttFCONFIGIIRABLF.  SPATIAL  ROUTING  WITH  HPT/VCTF.T.  SWITCHES: 

An  optical  routing  switch  can  be  achieved  using  binary  HPT/VCSEL  switch  configurations  that  spatially 
reconfigure  and  re-direct  the  surface-normal  optical  outputs  of  the  VCSELs.  Electrical  routing  within  each  stage  is  limited  to 
very  short  distances  within  a  compact  two-dimensional  array  of  switch  nodes.  Figure  12  shows  the  design  and  optical  routing 
functions  of  a  binary  1x2  switch,  which  can  be  used  implements  a  shuffle  network  topology.  Each  node  contains  a  segmented 
HPT  optical  input  port,  each  of  whose  segments  is  serially  connected  to  a  different  VCSEL  representing  a  spatially-displaced 
output  port,  thus  providing  a  fanout  of  2.  The  data  routing  and  optical  fan-out  functions  are  experimentally  demonstrated  in 
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Figure  10.  The  experimental  switching  data,  with 
traces  1  and  2  showing  the  electrical  output  Eout, 
represented  by  the  amplified  collector  current  Ic  , 
in  the  presence  of  either  the  electrical  input  data 
Ejjj  or  the  optical  input  data  Pjjj,  respectively. 
Traces  3  and  4  show  the  electrical  output  Eout  and 
the  optical  output  Pout,  respectively,  when  both 
P^  and  Ejq  are  present  The  optical  and  electrical 
input  data  packets  are  combined  into  a  single  data 
stream,  which  emerges  in  either  an  optical  or 
electrical  output  data  format. 


2  ns  /  div. 


Figure  11:  Eye-diagrams  showing  the  optical  (lower 
traces)  and  electrical  (upper  traces)  response  of  a 
single  HPT/YCSEL  switch  to  large-signal, 
pseudorandom  modulation  by  optical  (left)  aQd 
electrical  (right)  input  data  at  200  Mb/s. 


Figure  12a.  Using  simple  voltage  control  of  V  j  and  V2,  packets  of  high  speed  optical  data  impinging  on  the  HPT  generate 
amplified  photocurrents  that  modulate  the  VCSELs  to  produce  optically  regenerated  outputs  that  emerge  from  either,  neither! 
or  both  of  the  output  ports.  Figure  13  shows  a  2x2  optical  bypass-exchange  switch,  which  consists  of  two  1x2  switch  node! 
pairing  the  same  two  channels,  and  can  be  used  to  implement  a  Banyan  network.  Routing  is  controlled  by  two  pairs  of 
voltages,  which  select  the  bypass  or  exchange  switching  modes.  The  bypass-exchange  operation  of  a  monolithic  2x2  switch  iM 
experimentally  demonstrated  in  Figure  13.  As  the  control  voltages  are  toggled,  the  optically  regenerated  pulses  of  die  twfl 
input  data  charnels  emerge  alternately  from  the  same  or  opposite  output  ports  (VCSELs). 


Monolithic  1x8  arrays  of  .binary  optical  switches  with  electrical  interfaces  have  been  fabricated  (Fig.  14)  and  used 
to  demonstrate  optically  cascaded  pitching  and  routing  operations.  Each  of  the  binary  switches  contains  a  photodeteettfl 
element  consisting  of  a  small  AlGa/^s/GaAs  HBT  integrated  with  a  GaAs  PIN  photodiode,  which  replaces  the  three-tennin! 
HPT.  Each  element  of  the  array  has  electrical  input  and  output  ports,  and  can  perform  both  the  optical  switching  and 
optoelectronic  data  conversion  functions,  as  in  the  case  of  the  3-terminal  HPT.  As  in  the  case  of  individual  bisaafe 
HPT/VCSEL  optical  switches,  setting  the  control  voltages  of  the  entire  array  can  produce  many  different  routixB 
configurations.  Optically  ascaded  operation  has  been  demonstrated  by  using  three  sequential  1x8  HBT/PIN/V CSEL  switen 
arrays,  which  are  optically  coupled 'ijif.ng  fiber  ribbon  arrays.  Their  switching  functions  are  schematically  illustrated  in  Fie. 
15.  Using  HBTs  and  VCSELs  wnosetfj characteristics  are  shown  in  Fig.  4,  optical  switching  with  a  dc  optical  gain  of  -5  h! 
been  achieved.  At  present,  optically  cascaded  switching  operation  has  been  demonstrated  at  a  data  rate  of  -100  Mb/s,  an! 
electrical-to-optical  data  conversion  at  -200  Mb/s.  The  achievement  of  a  significant  optical  gain  can  compensate  the  optical 
partition  losses  and  thus  relaxes  the  optical  coupling  tolerances  for  cascaded  optical  switching  operations,  where  an  oventt 
net  optical  gain  of  -1  is  needed  between  stages.  £ 
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Figure  12.  Experimental  demonstration  of  1x2  optical 
switching,  showing  the  routing  control  voltages  and  the 
optical  output  channels  for  the  cases  of  (a)  no  fan-out, 
and  (b)  an  optical  fan-out  of  2. 


Figure  13.  Experimental  demonstration  of  2x2  optical 
switching,  showing  (a)  the  control  voltages,  (b)  the 
input  optical  channels,  and  (c)  the  output  optical 
channels,  indicating  bypass  and  exchange  operations. 
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Figure  15.  Schematic  illustration  of  an  optically  cascaded  -mi.* 

programmable  routing  functions  that  are  performed  by  each  arra v"  network,  some  of  the 

routing  topology  (upper  right  inset).  ^  (lower  right  inset),  and  the  equivalent 


fi.  .CONCLUSIONS; 


We  have  described  a  new,  multi-path  optoelectronic  backplane  that  provides  parallel  communication  channels  for  a 
large  number  of  processors  via  a  reconfigurable,  high-speed  optical  switching  fabric.  Using  the  three-terminal  HPT/VCSEL 
or  PIN/HBT/V CSEL  switching  technology,  we  have  shown  that  high  speed  optical  and  optoelectronic  switching  can  be 
achieved  to  convert  data  between  various  electrical  and  optical  formats.  By  combining  them  into  binary  switch 
configurations,  optical  data  can  be  spatially  routed  to  different  output  ports  in  a  simple,  controllable  maimer.  Using  arrays  of 
these  fryiary  switches,  and  connecting  a  processor  to  each  node,  we  have  a  high  speed  optical  bus  that  allow  the  processors  to 
communicate  through  parallel,  reconfigurable  interconnections.  We  have  also  shown  that  sequential  stages  can  be  optically 
cascaded  with  a  net  optical  gain.  The  next  generation  of  switches  will  extend  the  current  speed  performance  of  both  optical 
switching  (200  Mb/s)  and  optoelectronic  switching  (>500  Mb/s)  into  the  >lGb/s  regime. 
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Abstract 

We  report  precise  quantification  of  the  percentage  of  ion  clusters  in  Er:ZBLAN  fibers  via 
measurement  of  non-saturable  optical  absorption  and  fitting  of  this  data  to  a  simple  theoretical  model 
which  includes  the  role  of  clustering.  In  particular ,  using  this  indirect  measurement  technique ,  we 
demonstrate  the  presence  of  51%  ions  in  clusters  for  such  fibers  with  an  average  doping  density  of  10,000 
ppm ,  whereas  a  similar  fiber  with  an  average  doping  density  of  1,000  ppm  shows  negligible  effects  of 
clustering .  Application  of  this  technique  to  more  precise  design  of  Er:ZBLAN  fiber  lasers, 
characterization  of  the  fiber  drawing  process,  and  more  precise  determination  of  cross-relaxation 
parameters  in  Er:ZBLAN fibers  are  discussed . 

OCIS  Codes:  Erbium  fiber,  Fiber  characterization,  Fiber  optic  amplifiers  and  oscillators,  Rare  earth  doped 
materials 

The  broadly  tunable1  2.7  pm  transition  in  Er.ZBLAN  appears  particularly  attractive  for  the  design 
of  compact,  high  power  CW  fiber  lasers2  of  excellent  beam  quality,  as  needed  for  applications  ranging 
from  endoscopic  laser  surgery3  to  countermeasures  and  spectroscopic  monitoring4.  As  is  well  known,  the 
longer  lifetime  of  the  lower  laser  level  (4Ii3/2?  9.4  ms)  compared  to  the  upper  laser  level  (4Ii1/2,  7.5  ms)  of 
this  transition  poses  a  serious  bottleneck2,5,  which  in  the  past  has  been  alleviated  by  complex  mechanisms 
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such  as:  (1)  selective  depletion  of  the  lower  laser  level  via  excited  state  absorption  (ESA)6’7,  (2)  excitation 
transfer  of  the  energy  from  the  4Ij3/2  lower  laser  level  to  an  appropriate  acceptor  state  (e.g.  the  3F3  level  in 
Pr®),  and  (3)  cascade  lasing9.  Recently,  Poppe  et  al.2  have  demonstrated  alleviation  of  this  bottleneck  and 
strongly  enhanced  efficiencies  and  output  powers  by  a  simpler  alternative  technique,  viz.  the  use  of  fibers 
with  high  average  concentrations  (>10,000  ppm)  of  Er.  It  was  hypothesized  that  such  high  concentrations 
not  only  reduce  the  problem  of  ground  state  bleaching5,  but  also  cause  significantly  enhanced  cross¬ 
relaxation  (denoted  as  #1  in  Fig.  1),  whose  net  effect  is  to  relax  the  excitation  from  the  lower  laser  level 
(4I,3/2)  to  the  ground  state  (*115/2),  while  upconverting  an  adjacent  ion  to  the  \n  state.  With  regards  to  the 
role  of  this  cross-relaxation  mechanism,  a  contrary  piece  of  evidence  has  been  reported  for  Er:ZBLAN 
bulk  glasses  by  Bogdanov  et  al.10,  in  which  significant  cross-relaxation  was  observed  only  at  very  high 
doping  densities  i.e.,  150,000  ppm.  One  possible  explanation  for  this  contradiction  is  the  presence  of  ions 
in  clusters  in  highly  doped  Er:ZBLAN  fibers. 

This  paper  is  targeted  towards  a  more  precise  estimation  of  the  magnitude  of  ion  clustering  in 
heavily  doped  EnZBLAN  fibers.  Such  quantification  of  the  amount  of  clustering  is  achieved  by  an 
indirect  optical  technique”  based  on  the  role  of  clusters  for  rapid  repopulation  of  the  ground  state  via 
cross-relaxation  processes,  evidenced  by  a  sharp  decrease  in  the  “normal”  saturation  of  absorption 
observed  for  various  transitions  from  the  ground  state  in  EnZBLAN  fibers.  In  particular,  we  demonstrate 
that  over  50%  of  the  Er  ions  are  found  in  clusters  in  EnZBLAN  fibers  with  nominal  mean  doping 
densities  (Nm)  of  10,000  ppm  and  higher;  this  is  deduced  from  fits  of  our  new  theoretical  model  to  careful 
measurements  of  the  saturation  of  absorption  at  the  4Iis/2*4ln/2  transition  (972  nm)  in  EnZBLAN  fibers. 
Note  that  despite  its  indirect  nature,  this  optical  measurement  technique  is  simpler  and  more  useful  for  the 
precise  quantification  of  the  degree  of  clustering  than  the  more  direct  alternative  techniques,  such  as 
transmission  electron  microscopy12  (TEM)  and  microprobe  X-ray  analysis13. 

The  role  of  high  densities  of  ions  in  clusters  on  the  phenomenon  of  the  saturation  of  absorption  in 
Er  can  be  explained  as  follows.  At  low  Er  doping  densities,  the  long  lifetimes  of  the  excited  states  On/2 
and  4Ij3/2)  leads  to  the  depletion  of  the  ground  state  population,  which  in  turn  leads  to  saturation  of 
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absorption  at  several  transitions  (from  the  ground  state).  However,  at  high  Er  doping  densities,  the  cross¬ 
relaxation  processes  discussed  above  (see  Fig.  1)  cause  depletion  of  the  4l13/2  and  the  4In/2  populations, 
thereby  reducing  this  saturation  of  absorption.  In  particular,  as  elucidated  by  Maurice  et  al"  for  Er  .‘silica 
fibers,  the  onset  of  cluster  formation  can  cause  an  even  greater  increase  in  the  non-saturable  component  of 
the  absorption.  This  is  because  when  a  large  number  of  ions  (n)  are  in  the  4I]3/2  or  in  the  4Iu/2  state  and  are 
adjacent  to  each  other  in  a  cluster,  all  (but  one)  are  de-excited  to  the  4Ii5/2  ground  state  by  n/2  cross¬ 
relaxations;  this  enhanced  de-excitation  (and  repopulation  of  the  ground  state)  inhibits  the  saturation  of 
absorption  that  is  observed  at  low  doping  densities. 

Although  the  modeling  and  precise  quantification  is  significantly  different  for  Er:fluoride  fibers 
because  of  the  longer  lifetimes  of  several  of  the  excited  states  (and  the  consequent  increased  importance 
of  excited  state  absorption  as  well  as  of  multiple  cross-relaxation  processes),  the  dominance  of  the  cross¬ 
relaxation  processes  of  Fig.  1  is  still  expected  to  be  evidenced  by  a  similar  behavior  in  the  saturation  of 
absorption  (and  in  the  increase  in  the  non-saturable  absorption  component  at  higher  doping  densities). 
Such  a  strong  increase  in  the  non-saturable  absorption  (NSA)  in  Er.ZBLAN  fibers  due  to  the  onset  of 
clustering  is  quantified  precisely  in  this  work  with  the  use  of  a  modified  theoretical  model  described  in 
further  detail  below.  Some  of  the  results  obtained  using  our  model  are  plotted  in  Fig.  2a  along  with  our 
absorption  data  for  fibers  with  mean  Er  doping  densities  of  1000  ppm  (LeVerre  Fluore,  core  diameter  =  3 
pm,  NA=  0.21,  length=67  cm)  and  10,000  ppm  (LeVerre  Fluore,  core  diameter  =  6  pm,  NA=0.15, 
length=6.7  cm)  respectively.  The  absorption  measurements  were  done  using  a  Ti:Sapphire  laser  tuned  to 
972  nm  (peak  wavelength  of  absorption).  The  absorption  (a)  is  given  simply  by 

p  "N 

a  =  101og10  dB 

\  J 

where  Piau„Ch  is  the  972  nm  power  launched  into  these  single  mode  fibers.  Fig.  2b  shows  the  absolution 
data  for  an  Er:ZBLAN  fiber  fabricated  by  a  different  manufacturer  (KDD/Thorlabs)  with  a  mean 
concentration  of 20,000  ppm  (core  diameter  =3.8  pm,  NA=0.28,  length=6.8  cm). 
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In  comparison  to  the  model  of  Maurice  et  al.11,  our  model  is  modified  by  the  incorporation  of  the 
long  lifetimes  of  the  excited  states  (x2=7.4  ms,  ii=9.4  ms)  leading  to  significant  excited  state  absorption 
and  the  inclusion  of  the  cross-relaxation  process  #2  from  the  4Ill/2  level  (because  of  the  consequently 
higher  population  densities  in  this  level  for  fluoride  fibers).  As  elucidated  by  Maurice  et  al.",  we  have 
assumed  that  a  certain  fraction  of  ion  population  exists  as  homogeneously  distributed  ions  in  the  fluoride 
host  (denoted  as  ti\  where  i=0,  1,  2,  3  as  shown  in  Fig.  1)  and  that  the  rest  are  distributed  in  clusters 
(denoted  as  «,*).  For  the  homogeneously  distributed  ions,  the  modified  rate  equations  are  written  as: 


^r  =  -^O2WO+0'lO+^n"l)”l+(r2O  +  ^2O+^22"2)"2+r3o"3  .  "  (lfl) 

ot 

dn 

-rL  =  -0'lO+2^llWlK+?'2l"2+r31«3  - . 

Ot 

^  =  -(y2+W20+2W22n2+W23)n2+r32n3+W02n0+Wun]2  . , .  (lc) 

ut 

%-  =  -r3"3+(^23+^22«2)«2  . * .  0<0 

Ot  ■■ 


where  fry  is  the  absorption  rate  for  the  transition  from  level  i  to  level  j,  fry  is  the  stimulated  emission  rate, 
Yij  is  the  sum  of  the  radiative  and  non-radiative  relaxation  rate,  and  Wa  (i=l  or  2)  are  the  cross-relaxation 
rates  for  the  processes  #1  and  #2  shown  in  Fig.  1  such  that  WjpQjjxNn,,  where  QH  is  the  cross-relaxation 
coefficient 

Note  that  the  fractions  of  ions  that  are  present  in  clusters,  n0*,  «i*,  and  n2*,  are  assumed  to  be  1, 
0,  and  0  respectively  because  of  the  rapid  de-excitation  of  the  populations  of  levels  1  and  2  due  to  cross¬ 
relaxation  processes  (as  explained  previously),  whereas  n3*  is  assumed  to  be  0  since  /»i*  and  n2*  are  zero. 
The  above  rate  equations  were  solved  to  obtain  the  fractional  population  density  of  the  different  energy 
levels  which  was  then  used  to  determine  the  evolution  of  the  absorption  along  the  length  of  the  fiber  as  in 
Maurice  et  al". 
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Note  that  the  model  developed  here  uses  measured  values  of  lifetimes  and  branching  ratios13,14  as 
well  as  known  cross-relaxation  rates15  and  uses  no  free  parameters  for  the  fits  other  than  an  assumption  of 
the  fraction  of  total  ions  that  are  in  clusters.  Specifically,  we  used  values  of  1.2xl0'25  cm2  for  the 
absorption  cross-section  (ap),  4xl0'17  cm3/sec  for  the  cross-relaxation  coefficient  <T}n,  and  5xl0'17  cm3/sec 
for  the  cross-relaxation  coefficient  Cl22  in  our  model.  As  such,  the  excellent  agreement  between  the  model 
and  the  data  gives  a  strong  indication  of  the  percentage  of  ions  in  clusters  (51%  in  the  N„,=10,000  ppm 
fiber  and  70%  in  the  Nm=20,000  ppm  fiber,  compared  to  none  in  the  Nm=1000  ppm  fiber).  The  presence 
of  clusters  also  explains  why  fiber  lasers  based  on  fibers  with  average  doping  concentrations  much  lower 
than  those  specified  by  Bogdanov  et  al.10  apparently  show  significant  efficiency  enhancements2,16,17  due  to 
cross-relaxation  processes.  Experiments  are  underway  to  correlate  our  estimates  of  the  magnitude  of 
clustering  in  such  highly  doped  fibers  through  more  direct  and  visually  gratifying  techniques  such  as 
TEM12  or  X-ray  microprobes13,  despite  the  lack  of  precise  quantification  in  these  more  direct  techniques. 

Work  is  in  progress  to  further  refine  this  model  to  calculate  the  populations  of  the  upper  and 
lower  laser  levels  precisely,  and  thereby  calculate  the  small  signal  and  saturated  gains  for  such 
EnZBLAN  fibers  at  high  mean  doping  densities  (based  on  clustering  levels  predicted  by  fits  similar  to 
Fig.  2).  Such  a  model  should  enable  design  and  optimization  of  high  power  2.7  pm  fiber  laser  sources. 

Precise  quantification  of  clustering  levels  is  also  important  for  the  improved  design  of  flatband 
compact  1.55  pm  Er-doped  fluoride  fiber  amplifiers18,19  (EDFFAs)  and  for  the  design  of  green 
upconversion-based  EnZBLAN  temperature  sensors20.  In  EDFFAs,  high  ion  densities  will  be 
advantageous  for  increased  power  extraction  and  compactness,  but  are  inhibited  by  the  rapid  decrease  in 
gain  at  the  onset  of  clustering;  on  the  other  hand,  in  upconversion-based  temperature  sensors,  clustering 
acts  favorably  to  increase  the  intensity  of  the  green  fluorescence  from  the  4S3/2  level  due  to  enhancement 
of  the  cross-relaxation  process  #2  (Fig.  1). 

Because  clustering  in  rare  earth  doped  fibers  depends  strongly  on  defect  centers  created,  such 
measurement  of  clustering  via  measurement  of  saturable  absorption  also  represents  a  powerful  new 
diagnostic  technique  to  evaluate  the  quality  of  the  fiber  drawing  process.  In  related  work  (whose  results 
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are  shown  in  Figure  2b),  we  have  observed  cluster  ion  fractions  of  approximately  70%  for  fibers  with 
Nm=20,000  ppm  drawn  by  a  different  manufacturer  (KDD/Thorlabs).  Although  correlation  of  the  cluster 
fractions  with  the  fiber  drawing  process  (and  drawing-induced  defect  generation)  will  be  very  useful  for 
future  applications,  such  analysis  was  not  possible  in  our  present  work  due  to  the  unavailability  of 
sufficient  information  about  the  drawing  process  from  the  two  fiber  manufacturers  (apparently  because  of 
the  proprietary  nature  of  the  process).  Another  study  that  would  be  of  great  interest  for  future  applications 
is  that  of  the  dependence  of  the  cluster  fraction  on  the  average  doping  concentration  for  each  major  fiber 
fabrication  process.  However,  we  would  need  a  very  large  set  of  actual  fibers  (rather  than  relatively 
inexpensive  bulk  glasses)  with  different  average  doping  concentrations,  which  was  not  possible,  due  to 
the  prohibitive  costs  involved  in  fabricating  each  of  the  fluoride  fibers. 

Also,  as  expected  for  the  experiments  reported  here,  where  the  4ln/2  level  (i.e.  level  2  in  the  above 
model)  is  pumped  directly,  the  fits  of  calculations  based  on  the  model  to  the  data  are  found  to  be  very 
sensitive  to  the  exact  value  chosen  for  the  cross-relaxation  rate  W22.  As  such,  this  technique  represents  an 
extremely  powerful  method  for  estimating  the  cross-relaxation  rate  W22  with  high  precision  compared  to 
conventional  methods  that  involve  lifetime  measurements  as  a  function  of  concentration.  Likewise,  by 
measuring  saturation  of  absorption  while  directly  pumping  level  1  (say,  with  1480  nm  radiation),  one 
should  be  able  to  determine  Wn  with  high  precision.  Additional  studies  are  in  progress  to  investigate  the 
use  of  such  NSA  measurements,  and  corresponding  fits  to  modeled  estimates  of  absorption,  to  determine 
the  cross-relaxation  rates  more  precisely  and  reliably. 

In  summary,  we  report  precise  quantification  of  the  percentage  of  ion  clusters  in  Er:ZBLAN 
fibers  via  measurement  of  non-saturable  optical  absorption  and  fitting  of  this  data  to  a  simple  theoretical 
model  which  includes  the  role  of  clustering.  In  particular,  using  this  indirect  measurement  technique,  we 
demonstrate  the  presence  of  51%  ions  in  clusters  for  such  fibers  with  an  average  doping  density  of  10,000 
ppm,  whereas  a  similar  fiber  with  an  average  doping  density  of  1,000  ppm  shows  negligible  effects  of 
clustering.  Application  of  this  technique  to  more  precise  design  of  EriZBLAN  fiber  lasers, 
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characterization  of  the  fiber  drawing  process,  and  more  precise  determination  of  cross-relaxation 
parameters  in  Er:ZBLAN  fibers  have  been  proposed. 


To  be  published  in  Jan  2000  issue  of  JOSA  B 


Page  8 


References : 

1.  F.  Auzel,  D.  Meichenin,  and  H.  Poignant,  “Tunable  Continuous-Wave,  Room-Temperature  Er3+- 
Doped  ZrF4-Based  Glass  Laser  Between  2.69  and  2.78  pm”,  Electron.  Lett.,  24, 1463-1464  (1988) 

2.  E.  Poppe,  B.  Srinivasan,  and  R.K.  Jain,  “980nm  Diode-Pumped  Continuous-Wave  Mid-IR  (2.7  pm) 
Fiber  Laser”,  Electron.  Lett.,  34, 2340  (1998) 

3.  K.F.  Gibson  and  W.G.  Kemohan,  “Lasers  in  Medicine:  A  Review”,  J.  Med.  Engg.  and  Tech.,  17,  51- 
57  (1993);  R.  Kaufmann,  A.  Hartmann,  R.  Hibst,  “Cutting  and  Skin-Ablative  Properties  of  Pulsed 
Mid-Infrared  Laser  Surgery”,  J.  Derm.  Surg.  And  One.,  20, 112-118  (1994) 

4.  R.S.  Eng,  J.F.  Butler,  and  K.J.  Linden,  “Tunable  Diode-Laser  Spectroscopy:  An  Invited  Review”, 
Opt.  Engg.,  19, 945-960  (1980) 

5.  M.  Pollnau,  “The  Route  Toward  a  Diode-Pumped  1-W  Erbium  3-  pm  Fiber  Laser”,  IEEE  J.  Quantum 
Electron.,  33, 1982-1990  (1997) 

6.  M.C.  Brierley,  and  P.W.  France,  “Continuous  Wave  Lasing  at  2.7  pm  in  an  Erbium-Doped 
Fluorozirconate  Fibre”,  Electron.  Lett.,  24, 935-937  (1988) 

7.  B.  Srinivasan,  E.  Poppe,  and  R.K.  Jain,  “40  mW  Single-Transverse-Mode  Mid-IR  (2.7  pm)  CW 
Output  from  a  Simple  Mirror-Free  780-nm  Diode-Pumpable  Fiber  Laser”,  OSA  Technical  Digest 
Series,  6,  297  (1998) 

8.  J.Y.  Allain,  M.  Monerie,  and  H.  Poignant,  “Energy  Transfer  in  Er3+/Pr3+-Doped  Fluoride  Flass  Fibres 
and  Application  to  Lasing  at  2.7  pm”,  Electron.  Lett.,  27, 445-447  (1991) 

9.  M.  Pollnau,  Ch.  Ghisler,  C.  Bunea,  M.  Bunea,  W.Luthy,  and  H.P.Weber,  “150  mW  Unsaturated 
Output  Power  at  3  pm  from  a  Single-Mode  Fiber  Erbium  Cascade  Laser”,  Appl  Phys  Lett,  66,  3564- 
3566  (1995) 

10.  V.K.  Bogdanov,  W.E.K.  Gibbs,  D.J.  Booth,  J.S.  Javomiczky,  P.J.  Newman,  and  D.R.  MacFarlane, 
“Fluorescence  from  Highly-Doped  Erbium  Fluorozirconate  Glasses  Pumped  at  800  nm”,  Opt. 
Commn.,  132,  73  (1996) 


To  be  published  in  Jan  2000  issue  of  JOSA  B 


Page  9 


11.  E.  Maurice,  G.  Monnom,  B.  Dussardier,  D.B.  Ostrowsky,  “Clustering-Induced  Nonsaturable 
Absorption  Phenomenon  in  Heavily  Erbium-Doped  Silica  Fibers”,  Opt.  Lett.,  20, 2487-2489  (1995) 

12.  B.J.  Ainslie,  S.P.  Craig,  R.  Wyatt,  and  K.  Moulding,  “Optical  and  Structural-Analysis  of 
Neodymium-Doped  Silica-Based  Optical  Fiber”,  Mater.  Lett.,  8,  204-208  (1989) 

13.  F.  Auzel,  D.  Meichenin,  and  H.  Poignant,  “Laser  Cross-Section  and  Quantum  Yield  of  Er3*  at  2.7  pm 
in  a  ZrF4-based  Fluoride  Glass”,  Elect.  Lett.,  24,  909-910  (1988) 

14.  R.S.  Quimby  and  W.J.  Miniscalco,  “Continuous-Wave  Lasing  on  a  Self-Terminating  Transition”, 
Appl.Opt.,  28,14-16(1989) 

15.  V.K.  Bogdanov,  W.E.K.  Gibbs,  D.J.  Booth,  J.S.  Javomiczky,  P.J.  Newman,  and  D.R.  MacFarlane, 
“Energy  Exchange  Processes  in  Er3+-Doped  Fluorozirconate  Glasses”,  11th  Int.  Symp.  on  Non-Oxide 
Glasses  &  New  Optical  Materials  Proceedings,  417-422  (1998) 

16.  X.  Zhao,  B.  Srinivasan,  P.  Pulaski,  S.  Gupta,  and  R.K.  Jain,  “Mirror-Free,  High  Power  (~140mW) 
Diode-Pumped  2.7  pm  CW  Fiber  Laser”,  Postdeadline  paper,  CLEO  Europe  ’98  Tech.  Digest  (1998) 

17.  B.  Srinivasan,  E.  Poppe,  J.  Tafoya,  and  R.K.  Jain,  “High-Power  (400  mW)  Diode-Pumped  2.7  pm 
Fiber  Lasers  Using  Enhanced  Er-Er  Cross-Relaxation  Processes”,  Electron.  Lett.,  35,  1338-1340 
(1999) 

18.  D.  Bayart,  B.  Clesca,  L.  Hamon,  and  J.L.  Beylat,  “Experimental  Investigation  of  the  Gain  Flatness 
Characteristics  for  1.55  pm  Erbium-Doped  Fluoride  Fiber  Amplifiers”,  IEEE  Photon.  Tech.  Lett.,  6, 
613-615(1994) 

19.  Y.  Kimura,  and  M.  Nakazawa,  “Gain  Characteristics  of  Erbium-Doped  Fiber  Amplifiers  with  High 
Erbium  Concentration”,  Jpn.  J.  Appl.  Phys.,  32, 1 120-1 125  (1993) 

20.  E.  Maurice,  G.  Monnom,  D.B.  Ostrowsky,  and  G.W.  Baxter,  “High  Dynamic  Range  Temperature 
Point  Sensor  Using  Green  Fluorescence  Intensity  Ratio  in  Erbium-Doped  Silica  Fiber”,  J  Lightwave 
Tech.,  13, 1349-1353  (1995) 


To  be  published  in  Jan  2000  issue  of  JOS A  B 


Page  10 


Figure  Captions : 

Figure  1.  Energy  level  diagram  of  Er  showing  energy  transfer  due  to  cross-relaxation  between  two 
adjacent  ions  originally  in  the  4Ii3/2  or  the  4In/2  state 

Figure  2a.  A  plot  of  the  measured  and  calculated  values  of  the  absorption  at  972  nm  radiation  as  a 
function  of  launched  power  in  two  fibers  corresponding  to  significantly  different  mean  Er  concentrations 
(Nm=1000  ppm  and  10,000  ppm  respectively) 

Figure  2b.  A  plot  of  the  measured  and  calculated  values  of  the  absorption  at  972  nm  radiation  as  a 
function  of  launched  power  for  an  Er:ZBLAN  fiber  with  Nm=20,000  ppm 
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We  report  a  relatively  efficient  power-scalable  mid-IR  (2.7  pm)  Er3+:ZBLAN  fiber 
laser  pumped  by  readily  available  980  nm  laser  diodes.  The  ~12  mW  cw  power  levels  reported 
here  are  significantly  higher  than  those  reported  previously  for  any  diode-pumped  cw  mid-IR 


fiber  laser. 
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Compact  and  tunable,  high-efficiency  cw  mid-IR  lasers  are  needed  for  numerous 
applications,  including  field-usable  spectroscopic  sensors  for  environmental  and  industrial- 
process  monitoring  [1],  [2],  master  oscillators  in  airborne  or  spacebome  high-power  mid-IR 
MOPAs  for  countermeasures  and  for  surgery  applications  [3].  Lead-salt  diode  lasers  are  limited 
by  the  need  for  cryogenic  cooling,  low  power,  and  spatial,  temporal,  and  spectral  instabilities. 
Sb-based  diode  lasers  and  quantum  cascade  lasers  are  beginning  to  show  significant 
improvements,  but  long-lived  stable  cw  mid-IR  outputs  have  not  yet  been  achieved  with  these 
devices  at  room  temperature  [4],  On  the  other  hand,  diode-pumped  fiber  lasers  represent  an 
attractive  alternative  technology  [5],  [6],  capable  of  delivering  stable  diffraction-limited  cw 
room-temperature  mid-IR  emission,  at  least  in  limited  wavelength  ranges  (such  as  in  bands 
around  2.7  and  3.5  pm).  Figure  1  shows  a  schematic  diagram  of  a  future  compact  and  robust 
field-usable  wavelength-tunable  and  directly  modulatable  mid-IR  fiber  laser  suitable  for  ultra¬ 
sensitive  detection  of  trace  levels  of  species  such  as  H2S,  HF,  NO,  and  CO2.  A  key  initial  step 
in  this  direction  is  the  demonstration  of  relatively  efficient  and  reliable  diode-pumped  mid-IR 
fiber  lasers  with  output  powers  of  the  order  of  10  mW. 
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In  this  Letter,  we  describe  a  relatively  efficient  power-scalable  mid-IR  (2.7  pm) 
Er3+:ZBLAN  fiber  laser  pumped  by  readily-available  980  nm  laser  diodes.  The  12  mW  cw 
output  powers  demonstrated  here  are  significantly  higher  than  those  reported  previously  from 
any  diode-pumped  mid-IR  fiber  laser.  The  highest  output  powers  reported  previously  from 
diode-pumped  mid-IR  fiber  lasers  are  the  0.32  mW  reported  in  a  2.7  pm  Er.ZBLAN  fiber  laser 
by  Allen  et.al.  [5]  and  the  2.1  mW  demonstrated  by  Yanagita  et.al.  [6].  The  latter  used  an 
Er:AZL  fiber  which  is  difficult  to  fabricate.  Both  these  previous  reports  were  based  on  diode 
pumps  in  the  790-800  nm  wavelength  range. 

A  key  factor  in  the  achievement  of  the  relatively  efficient  performance  reported  in  our 
work  is  the  use  of  high  Er  concentrations  (10,000  ppm)  in  a  relatively  long  fiber  (5.5  m)  of 
double  clad  design,  as  elaborated  below. 

Our  choice  of  a  980  nm  pump  wavelength  for  this  work  (instead  of  the  more  efficient 
790-800  nm  pumps  traditionally  used  [5],  [6])  was  dictated  by  the  ready  commercial 
availability  of  multi-Watt  power  level  980  nm  diode  lasers  (due  to  the  relatively  large  market 
need  for  1.55  pm  EDFA  pumps).  A  principal  reason  why  980  nm  pumping  is  less  efficient  is 
the  strong  ESA  cross  section  from  the  upper  laser  level  (^/j  1/2)  to  ^7/2  and  the  lack  of  an 
appropriate  980  nm  ESA  process  (as  occurs  with  the  791  nm  pump)  to  depopulate  the  lower 
laser  level  (^13/2)  [7],  [8].  Some  enhancement  of  the  depopulation  is  needed  because  the  lower 
laser  level  lifetime  (9.4  ms)  is  longer  than  that  of  the  upper  laser  level  (7.5  ms).  This  problem  is 
alleviated  in  part  in  our  highly-doped  Er:ZBLAN  fiber  by  the  onset  of  a  cross-relaxation 
mechanism  which  relaxes  the  excitation  from  the  lower  laser  level  to  the  ground  state  (4/j  5/2) 
while  upconverting  an  adjacent  ion  to  the  ^Jg/2  state  via  the  Foster-interaction.  We  believe  that 
this  cross-relaxation  mechanism  is  significantly  enhanced  by  the  presence  of  cluster  formation 
in  such  fibers  [9],  [10].  In  addition,  the  high  concentrations  and  the  double  clad  geometry  used 
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here  reduce  the  problem  of  ground  state  bleaching  [11]  that  has  apparently  limited  conversion 
efficiencies  and  output  powers  in  earlier  work  [8],  [12],  using  Ti: Sapphire  laser  pumps. 

In  our  experiments,  we  used  a  nearly  single  transverse  mode,  1  Watt  980  nm  tapered 
amplifier  diode  laser  [13]  as  the  pump  source,  which  was  coupled  by  a  free  space  lens  into  the 
EnZBLAN  fiber.  The  double-clad  fiber  had  a  core  diameter  of  6  pm  with  an  NA  of  0.15,  a 
length  of  5.5  m,  an  Er3+  concentration  of  10,000  ppm  (in  the  core),  and  an  inner  cladding 
diameter  of  125  pm.  The  pump  radiation  was  coupled  to  the  fiber  through  a  20x  microscope 
objective,  with  a  coupling  efficiency  to  the  core  of  approximately  50%.  An  additional  35%  of 
pump  light  was  coupled  to  the  inner  cladding  although  this  latter  portion  experiences  a 
significantly  lower  effective  absorption  coefficient  during  its  transit  through  the  5.5  m  long 
fiber.  The  net  absorption  coefficient  is  estimated  as  60%.  The  choice  of  a  double-clad  fiber  was 
dictated  in  part  by  improved  utilization  of  the  pump  light  with  980  nm  diode  pumping,  and  in 
part  by  our  plans  to  demonstrate  power  scaling  of  the  outputs  of  such  fiber  lasers  with  use  of 
high  power  diode  lasers.  At  the  input  end  an  HR  mirror  was  butt-coupled  to  the  fiber  while  the 
cleaved  distal  end  was  used  as  a  96%  output  coupler.  Figure  2  shows  the  2.7  pm  output  power 
as  a  function  of  absorbed  pump  power.  The  low  lasing  threshold  of  30  mW  for  a  96%  output 
coupler,  and  the  fact  that  no  saturation  of  the  output  power  is  observed  even  at  the  highest  pump 
powers  used,  indicates  that  this  laser  can  be  further  optimized  to  yield  much  higher  output 
power. 

Other  lasing  characteristics  were  also  studied.  When  the  pump  laser  was  chopped  at 
100  Hz,  we  observed  the  onset  of  relaxation  oscillations  at  frequencies  varying  from  5  kHz  to 
20  kHz,  as  shown  in  Figure  3.  The  increase  in  the  oscillation  frequency  with  increased  pump 
power  is  characteristic  of  relaxation  oscillations  [14],  which  were  not  investigated  in  any 
further  detail.  Moreover,  we  observed  a  tendency  of  the  output  wavelength  of  the  untuned  fiber 
laser  to  increase  with  an  increase  in  pump  power  (from  be  2.71  pm  near  threshold  to  2.76  pm  at 
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120  mW  pump  powers),  as  reported  by  other  researchers  [6],  [8],  due  to  Stark  splitting  and  state 
filling  effects  [8]. 

In  summary,  we  have  reported  a  power-scalable  2.7  pm  Er:ZBLAN  fiber  laser  pumped 
by  readily  available  980  nm  laser  diodes.  12  mW  of  output  power  was  demonstrated.  This  was 
achieved  by  the  use  of  a  high  Er  concentration  of  10,000  ppm  in  a  double  clad  geometry.  The 
contribution  of  various  factors  to  this  efficiency  enhancement,  including  (1)  circumvention  of 
bleaching  of  ground  state  absorption  and  (2)  improved  population  inversion  due  to  cross¬ 
relaxation  processes  that  are  magnified  by  clustering  effects,  are  currently  being  investigated  in 
further  detail.  In  addition,  we  are  investigating  the  possibility  of  scaling  the  output  powers  of 
such  lasers  to  >100  mW,  which  are  needed  for  near-term  endoscopic  intra-ocular  surgery  and 
transmyocardial  revascularization,  with  the  use  of  higher  power  pump  diodes,  improved  diode- 
to-fiber  coupling  efficiencies  and  longer  double  clad  EnZBLAN  fibers  of  designs  similar  to 
those  reported  here. 
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“provide  electron-hole  conversion  from  the  top  n-mirror.  This 
Kcheme  has  been  demonstrated  previously  by  other  authors  [1]. 

^  FoDowing  the  growth,  the  reflectivity  spectrum  of  the  structure 
was  measured.  The  cavity  mode  was  found  at  1.55pm,  which  was 
centred  on  a  >  140nm  stopband  (reflectivity  >  99%).  The  top 
~"JBR  then  was  removed  in  order  to  examine  the  photolumines- 
!  (PL)  of  the  quantum  wells.  The  PL  peak  was  at  ~1580nm, 
ng  the  cavity  mode  on  the  broad,  short-wavelength  shoulder 
of  the  PL  spectrum.  The  mode  and  PL  peak  can  be  aligned  by 
flowering  the  operation  temperature. 

■  I'Jlars  with  diameters  ranging  from  10  to  100pm  were  then  fab- 
®ria  ted  by  reactive  ion  etching  using  the  top  metal  contact  as  an 
etch  mask.  Contacts  were  also  deposited  on  the  substrate  back¬ 
side. 

M  The L-Isnd  I-V results  from  a  25pm  diameter  pillar  operated  in 
■pulsed-mode  at  room  temperature  are  shown  in  Fig.  3.  The 
® threshold  current  is  ~7mA,  corresponding  to  a  current  density,  Jthi 
of  only  MlcA/cm2.  The  external  differential  quantum  efficiency  of 
«gthis  device  was  ~18%  and  the  maximum  power  was  ~2mW.  Lasing 
Bwas  achieved  up  to  45°C  with  a  threshold  current  of  15.5mA. 


I 

I 


> 


current,  mA 


I  Fig.  3  L-I  and  l~V  plots  of  25  pm  diameter  device  at  room  temperature 
in  pulsed  mode 
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Fig.  4  Lasing  spectra  of  25pm  diameter  device 


r=  ire 


As  also  seen  in  Fig.  3,  the  devices  exhibit  a  high  voltage  that 
mostfkdy  is  attributable  to  both  a  high  contact  resistance  in  this 
processing  run  and  to  the  DBRs  which  have  a  relatively  low  dop¬ 
ing  Irvd.  By  increasing  the  doping  a  few  periods  away  from  the 
cavity  or  by  using  intra-cavity  contacts,  we  anticipate  that  this 
voltage  drop  can  be  reduced  significantly  without  introducing 
additional  optical  losses. 

The  spectra  of  a  25  pm  diameter  device  biased  at  1.23/fA  and  at 
2.561th  are  shown  in  Fig.  4,  revealing  a  lasing  wavelength  of 
1.555pm  and  a  strong  multimode  behaviour  at  the  higher  current 

In  conclusion,  electrically-pumped  operation  of  AlGaAsSb- 
based  VCSELs  has  been  demonstrated.  By  combining  high  index- 
contrast  DBRs  made  using  this  AlGaAsSb  system  and  well-estab¬ 
lished  AlInGaAs  quantum  well  active  regions,  these  lasers  demon¬ 
strate  that  VCSELs  operating  at  1.55pm  and  employing  a 
reasonable  number  of  mirror  periods  can  be  grown  in  a  single  epi¬ 
taxial  step.  CW  operation  is  expected  with  a  reduction  in  the  series 
voltage  and  a  better  mode-gain  alignment. 
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High-power  (400 mW)  cKbde-pumped  2.7  pm 
Er:ZBLAN  fibre  lasers  oping  enhanced  Er-Er 
cross-relaxation  prddt  sses 

B.  Srinivasan,  E.  Poppe,  J.  Tafoya  and  R.K.  Jain 

The  authors  report  the  use  of  enhanced  inter-ion  cross-relaxation 
in  EnZBLAN  fibres  of  double  clad  geometries  for  the  realisation 
of  high-power  (400mW)  diode-pumped  2.7  pm  lasers.  The 
enhanced  Er-Er  cross-relaxation  was  enabled  by  the  formation  of 
clusters,  around  drawing-induced  defects,  even  at  moderate  mean 
doping  densities  in  such  fibres.  Further  extension  of  this  work 
should  enable  multi-Watt  CW  power  level  lasers  at  2.7pm  in  the 
foreseeable  future. 

There  JsV(i  strong  need  for  compact  high-power  (lOOmW  to  1W) 
2J  prrrllbLv;:  sources  for  several  medical  applications  [1,  2]  as  well 
«  &  jpl.rts  per  billion  (ppb)  level  spectroscopic  monitoring  [3] 
m£wra-  Yed  countermeasures.  Fibre  lasers  based  on  the  2.7  pm 
v  transition  in  EnZBLAN  are  particularly  well-suited  for  several  of 
the  above  applications.  However,  as  has  been  frequently  stated  [4 
-  8],  the  lc  iger  natural  lifetime  of  the  lower  laser  level  xw  = 
9.4ms)  res  tive  to  that  of  the  upper  laser  level  (4I11/2,  xu//  =  7.5ms) 
of  the  2.7pm  transition  often  results  in  a  population  bottleneck 
that  inhibits  efficient  steady-state  (CW)  lasing  in  EnZBLAN  fibre 
lasers.  In  previous  work,  this  bottleneck  has  been  alleviated  by 
mechanisms  such  as:  (i)  selective  depletion  of  the  lower  laser  level 
via  excited  state  absorption  (ESA)  [6],  (ii)  excitation  transfer  of  the 
energy  from  the  4lX2/2  lower  laser  level  to  an  appropriate  acceptor 
state  (e.g.  the  3F3  level  in  Pr  [7]),  and  (iii)  cascade  lasing  [9]. 
Despite  the  attainment  of  high  CW  output  powers  (150mW),  cas¬ 
cade  lasing  is  a  cumbersome  technique  that  requires  the  use  of 
complicated  multi-resonant  mirror  coatings  and  very  high  pump 
intensities;  as  such,  this  technique  is  not  readily  applicable  for  use 
with  diode  pumping. 

We  recently  proposed  and  demonstrated  a  relatively  simple  and 
efficient  technique,  namely  the  use  of  enhanced  cross-relaxation 
from  the  4I13/2  level  (Wxx  process  in  Fig.  1)  via  clustering  at  high 
doping  densities  in  EnZBLAN  to  alleviate  the  population  bottle¬ 
neck  [8,  10  -  12].  In  particular,  we  used  a  980 nm  laser  diode  to 
pump  a  10 000 ppm  EnZBLAN  2.7  pm  fibre  laser  and  achieved 
lOmW  output  power  levels  [8],  which  was  an  order  of  magnitude 
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improvement  over  CW  power  levels  obtained  previously  from 
diode-pumped  2.7  pm  fibre  lasers  (5].  Subsequent  ground  stale 
absorption  measurements  have  exhibited  dramatic  reductions  in 
the  saturation  of  the  ground  state  absorption  at  relatively  low 
mean  Er  concentrations  (lOOOOppm)  in  ZBLAN  fibres,  implying 
the  presence  of  a  significant  percentage  of  ions  in  clusters  [12], 
Contrary  to  the  report  by  Bogdanov  ex  al.  [13],  where  enhanced 
cross-relaxation  was  observed  only  for  concentrations 
>  150000  ppm,  these  studies  indicated  that  significantly  enhanced 
cross-relaxation  can  occur,  due  to  the  onset  of  Er  ion  clustering 
around  drawing-induced  defects,  at  doping  densities  that  are  low 
enough  (20000  ppm)  to  enable  fabrication  of  high-quality  low 
intrinsic  loss  fluoride  fibres  with  current  fibre  fabrication 
techniques. 


Fig.  1  Energy  level  diagram  of  Er  showing  dominant  cross-relaxation 
processes 


In  this  Letter,  we  describe  high-power  (400mW)  CW  diode- 
pumped  operation  of  a  2.7pm  fibre  laser  using  mean  Er  concentra¬ 
tions  of  just  20000  ppm  in  the  singlemode  core  of  a  double-clad 
EriZBLAN  fibre;  a  preliminary  version  of  these  results  with  all-ET 
fibres  is  described  in  [14].  Higher  output  powers  have  also  been 
obtained  recently  with  Er-Pr  co-doped  fibre  lasers  [15].  These 
power  levels  are  more  than  an  order  of  magnitude  higher  than  any 
reported  previously  in  a  diode-pumped  EnZBLAN  fibre  laser.  As 
such,  these  results  report  nearly  a  three-orders-of-magnitude 
improvement  in  the  output  powers  available  from  diode-pumped 
CW  2.7  pm  fibre  lasers  in  a  time  span  of  <  2  years.  Furthermore, 
the  high  slope  efficiencies  obtained  (16%)  and  the  lack  of  any  evi¬ 
dence  of  saturation  of  the  output  power  as  well  as  the  potential 
for  the  improvement  of  several  factors  (including  better  diode  cou¬ 
pling  and  improved  pump  absorption)  indicates  scalability  to  Watt 
power  levels  in  the  very  near  future. 

For  the  experiments  reported  here,  we  used  a  10W  791  nm 
OptoPower  diode  array  as  the  pump  source,  which  emits  an  8mm 
square  beam  with  a  divergence  of  -13mrad  x  tyjx  mrad.  The  pump 
wavelength  was  chosen  to  efficiently  pump  the  4l15/2-4l9/2  transi¬ 
tion,  and  to  enhance  the  lower  laser  level-depleting  excited  state 
absorption  (ESA)  from  the  4Ii3/2  level  to  the  2Hn/2  level,  while 
keeping  the  ESA  from  the  4ln/2  upper  laser  level  to  the  4Fs/2  level 
as  low  as  possible  [16].  Based  on  the  best  available  information 
[17]  on  the  Wu  and  W22  cross-relaxation  coefficients  (Fig.  1)  in 
highly-doped  fluorides  and  the  need  to  keep  the  intrinsic  losses 
(particularly  at  2.7  pm)  relatively  low,  we  chose  a  mean  Er  concen¬ 
tration  of  20000 ppm  (2%)  for  this  work.  Although  such  a  concen¬ 
tration  might  not  be  optimal,  the  results  reported  here  show  a 
remarkable  improvement  in  the  performance  of  our  2.7  pm  fibre 
laser  compared  to  previous  reports  on  2.7  pm  diode-pumped  fibre 
lasers.  For  our  experiments,  we  chose  a  concentric  circular  double- 
clad  fibre  [18]  with  a  core  diameter  of  6.5  pm,  core-inner  clad  NA 
of  0.28,  inner  clad  diameter  of  125pm,  and  inner  clad-outer  clad 
NA  of  0.55.  The  choice  of  a  concentric  circular  double-clad  fibre 
was  based  on  the  ease  of  fibre  fabrication  despite  the  fact  that  we 
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expect  higher  diode-to-fibre  coupling  efficiencies  and  higher 
effective  absorption  with  the  use  of  other  inner  cladding  shapes 
[19]. 

The  pump  was  coupled  into  a  multimode  fibre  with  a  core 
diameter  of  365  pm  and  an  NA  of  0.22  to  homogenise  the  beam 
quality  and  match  the  resultant  beamshape  with  the  circular  inner 
cladding  of  our  double-clad  fibre.  The  throughput  efficiency  of  the 
multimode  fibre  was  85%  and  the  coupling  efficiency  into  the  dou¬ 
ble-clad  fibre  was  55%.  The  background  loss  at  2.7  pm  in  the  fibre 
core  and  the  effective  absorption  coefficient  at  the  pump  wave¬ 
length  (791  nm)  were  measured  by  the  cutback  method  to  be  ~0.3 
and  0.15dB/m,  respectively.  As  a  trade-off  between  high  net 
absorption  and  intrinsic  losses,  we  chose  a  fibre  length  of  20m. 


Fig.  2  2.7pm  output  power  against  absorbed  pump  power  for  20000 ppm 
EnZBLAN  fibre  laser 


Fig.  2  shows  the  2.7  pm  output  power  against  absorbed  pump 
power.  Because  of  the  high  gain  of  the  fibre  achievable  with  the 
pump  power  densities  used,  CW  lasing  was  easily  achieved  with 
just  the  4%  Fresnel  reflections  from  the  fibre  ends.  As  seen  from 
the  plot,  the  threshold  pump  power  was  400 mW,  implying  a  gain 
of  35.4  dB  at  a  threshold  pump  power  density  of  SZSkW/cm2.  An 
output  power  of  400 mW  was  obtained  at  a  pump  power  of  3.2W, 
corresponding  to  a  slope  efficiency  of  16%  with  respect  to 
absorbed  power.  For  this  plot,  the  output  power  was  measured  gt 
the  distal  end  of  the  fibre  and  we  have  assumed  equal  power  from 
both  ends  of  the  fibre.  The  linearity  of  the  plot  clearly  indicates 
scalability  to  Watt  power  levels  in  the  near  future  using  higher 
power  diode  arrays,  multiple  pump  sources,  and  more  efficient 
pump  coupling  techniques.  We  are  currently  pursuing  such  power 
scaling  issues  and  expect  to  extend  the  2.7  pm  laser  output  to 
multi-Watt  power  levels  in  the  near  future.  Efforts  are  also  under 
way  to  empirically  determine  the  optimum  dopant  densities  in  Er- 
doped  fibres  by  measuring  the  lifetimes  of  the  4lU/2  and  4Il3/2 
levels  for  different  mean  Er  doping  densities.  Since  drawing- 
induced  defects  enable  cluster  formation  [20]  (a  phenomenon  that 
is  absent  in  conventional  bulk  glass  fabrication),  such  lifetime 
studies  will  need  to  be  performed  in  fibres  rather  than  in  bulk 
media. 
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Increased-area  oxidised  single-fur  damental 
mode  VCSEL  with  self-aligned  shallow 
etched  surface  relief 

H.J.  Unold,  M.  Grabherr,  F.  Eberhard,  F.  Mederer, 

R.  JSger,  M.  Riedl  and  K.J.  Ebeling 

A  self-aligning  fabrication  process  is  presented  for  enhancing  the 
fundamental  singlemode  emission  of  selectively  oxidised  vertical 
cavity  surface  emitting  lasers  using  a  surface  relief  etching 
technique.  The  mechanism  underlying  the  increase  in  threshold 
gain  due  to  the  use  of  a  shallow  surface  relief  is  described  and  the 
results  obtained  for  a  7pm  device  at  850nm  are  presented. 

Introduction. :  Vertical  cavity  surface  emitting  lasers  (VCSELs)  have 
become  the  most  frequently  used  light  sources  for  many  applica¬ 
tions  in  the  data-communications  area  [1]  as  well  as  many  other 
fields  where  relatively  low  output  powers  of  several  milliwatts 
combined  with  good  beam  quality  are  required,  such  as  laser 
printing  [2]  or  optical  storage  [3],  Transverse  singlemode  VCSELs 
provide  superior  beam  characteristics  even  for  the  most  demand¬ 
ing  applications.  For  good  device  performance,  high  efficiencies 
can  be  obtained  using  current  confinement  through  selective  oxi¬ 
dation.  The  drawback  of  this  technique  compared  to  ion 
implanted  VCSELs  is  the  stronger  optical  guiding  which  in  turn 
requires  smaller  diameters  (below  4pm)  for  singlemode  emission 


[4].  However,  this  approach  increases  the  series  resistance  signifi¬ 
cantly,  limits  the  available  output  power  and  may  shorten  the 
device  lifetime  especially  under  high  temperature  operation.  In  the 
following  we  describe  a  technique  for  extending  the  active  diame¬ 
ter  range  for  singlemode  emission  up  to  7  pm. 
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Fig.l  Calculated  threshold  gain  and  emission  wavelength  against  etch 
depth  in  top  Bragg  mirror  stack  of  standard  InGaAs  top-emitter  struc¬ 
ture 

Inset:  portion  of  standing  wave  pattern  close  to  output  facet  for  etch 
depth  of  80  nm 

Principle:  When  looking  at  the  (low-order)  set  of  modes  that  typi¬ 
cally  oscillate  in  multimode  VCSELs,  it  is  easily  seen  that  the  fun¬ 
damental  mode  is  the  only  one  where  the  field  intensity  maximum 
is  found  to  be  $t  the  centre  of  the  structure.  Therefore,  a  radially 
symmetric  modification  of  the  resonator  is  considered  applicable 
to  suppress  those  higher-order  modes. 

Fig.  1  shows  the  threshold  gain  and  emission  wavelength  for  a 
VCSEL  structure  with  a  17.5-pair  GaAs/Al0  89Ga0.  j  i  As  p-type 
Bragg  reflector  calculated  using  a  linear  matrix  model  threshold 
gain  analysis.  It  can  be  seen  that  the  threshold  gain  can  easily  be 
increased  by  a  factor  of  10  by  etching  into  the  top  Bragg  mirror 
stack.  Since  the  waves  reflected  from  the  topmost  (incomplete) 
Bragg  pair  do  not  match  those  from  the  remaining  Bragg  pairs, 
destructive  interference  occurs.  Therefore,  the  threshold  gain 
increases  until  the  waves  are  at  maximum  mismatch.  This  situa¬ 
tion  is  illustrated  in  the  inset  of  Fig.  1,  which  shows  the  standing 
wave  pattern  for  an  etch  depth  of  80  nm.  After  that,  the  threshold 
gain  decreases  again  and  the  same  sequence  is  repeated  for  the 
next  Bragg  pair  but  with  an  increase  in  magnitude.  Therefore,  for 
practical  applications  it  is  sufficient  to  etch  to  a  depth  of  -85  nm, 
where  the  first  local  maximum  of  the  threshold  gain  is  observed. 
At  the  same  time,  it  is  necessary  to  precisely  control  the  etch 
depth,  since  a  small  change  in  etch  depth  results  in  a  large  change 
in  threshold  gain. 

When  using  conventional  VCSEL  structures,  as  in  this  example, 
care  has  to  be  taken  not  to  etch  into  layers  with  large  aluminium 
contents,  since  the  subsequent  selective  oxidation  step  will  then 
cause  these  layers  to  oxidise  as  well.  This  reduces  the  refractive 
index  of  the  topmost  layer  of  the  Bragg  stack,  thus  reducing  the 
increase  in  threshold  gain  intended  by  the  surface  relief. 

Device  fabrication:  Since  the  effect  of  the  surface  relief  etching 
technique  H  id  already  been  shown  in  earlier  work  [5],  a  processing 
techniqirePwgs  sought  which  would  allow  both  ease  of  fabrication 
and  good  reproducibility  to  be  achieved.  It  is  readily  seen  that  for 
best  results,  it  is  crucial  to  achieve  proper  alignment  of  oxide  aper¬ 
ture  and  surface  relief.  This  is  achieved  by  using  a  self-aligning 
three-layer  photoresist  technique.  In  a  first  two-layer  resist  step 
PMGI  and  A2  resists  are  patterned  using  a  mask  defining  both 
the  mesa  location  as  well  as  the  concentric  surface  relief.  After 
removing  the  AZ  resist,  the  surface  relief  is  dry  etched  to  the 
desired  depth  of  several  tens  of  nanometres  by  chemically  assisted 
ion  beam  etching.  The  inner  diameter  of  the  etched  surface  reliefs 
is  chosen  to  match  the  1 /e-decay  of  the  fundamental  mode  inten¬ 
sity  profile.  In  a  second  lithography  step,  the  surface  relief  struc¬ 
ture  is  covered  with  AZ  resist  to  protect  it  from  the  following  wet 
chemical  mesa  etching  step.  The  alignment  tolerance  of  this  step 
amounts  to  7  pm,  which  is  sufficient  for  manual  or  even  automatic 
alignment  as  seen  from  Fig.  2.  After  etching  the  mesa,  selective 
oxidation  of  the  AlAs  layer  is  carried  out,  ensuring  optimum 
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High-power  “Watt-level”  CW  operation  of 
diode-pumped  2.7  pm  fiber  lasers  using  efficient 
cross-relaxation  and  energy  transfer  mechanisms 

B.  Srinivasan,  J.  Tafoya  and  R.  K.  Jain 

Center  for  High  Technology  Materials,  University  of  New  Mexico, 

13 IS,  Goddard  SE,  Albuquerque,  NM  87106 

baiaji@chtm.unm,edu.  chemist@unm.edu,  jain@chtm.unm.edu 

Abstract:  We  report  the  demonstration  of  high  power  (660  mW)  CW 
operation  of  a  diode-pumped  mid-IR  Er  fiber  laser.  This  was  achieved  by 
using  efficient  depopulation  of  the  lower  laser  level  via  enhanced  cross¬ 
relaxation  between  Er  ions  and  energy  transfer  to  Pr  ions  (at  doping  densities 
much  higher  than  those  used  previously  in  EriZBLAN),  along  with  optimal 
pumping  of  such  lasers  via  custom-designed  double-clad  fluoride  fibers. 

©1999  Optical  Society  of  America 

OCIS  codes:  (140.3510)  Fiber  Lasers;  (140.3480)  Diode-Pumped  Lasers;  (060.2390)  Infrared 
Fiber  Optics;  (140.3500)  Erbium  Lasers 
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Because  of  the  strong  water  absorption  near  3  pm  in  tissue  and  the  consequent  ultrashort 
penetration  depths  (of  a  few  microns),  compact  high  power  (100  mW  to  1  W)  2.7  pm  laser 
sources  with  TEM^  beam  quality  have  several  important  applications  in  ultrafine  intra-ocular 
and  endoscopic  laser  surgery  including  transmyocardial  revascularization  and  other  intra¬ 
arterial  procedures  [1-7].  Compact  and  efficient  sources  of  mid-IR  radiation  are  also  needed 
for  infrared  countermeasures  applications,  and  for  ppb  (parts  per  billion)  level  spectroscopic 
monitoring  [8]  of  several  important  species  such  as  carbon  monoxide  (CO),  formaldehyde 
(H2CO),  tiitric  oxide  (NO),  nitrogen  dioxide  (N02),  hydrogen  sulphide  (H2S),  arsine  (AsH3), 
and  phosphine  (PH3).  .  .  '  „  , 

The  2.7  pm  transition  in  Er:ZBLAN  is  well- suited  for  several  of  the  above 
applications.  For  instance,  the  broad  tunability  [9]  of  this  transition  (2.65-2.83  pm)  should 
enable  pfb  spectral  monitoring  of  H2S  (2.65  pm)  and  NO  (2.7  pm).  However,  as  has  been 
frequent  r  stated,  the  longer  natural  lifetime  of  the  lower  laser  level  (4I13/2,  9.4  ms)  relative  to 
that  of  the  upper  laser  level  (4I11/2,  7.5  ms)  of  the  2.7  pm  transition  often  results  in  a 
population  bottleneck  that  inhibits  efficient  steady-state  (CW)  lasing  in  Er:ZBLAN  fiber 
lasers  [6,7,10-12];  as  such  this  transition  has  been  frequently  called  “self-terminating” 
[10,13].  We  have  previously  demonstrated  alleviation  of  this  bottleneck  and  strongly 
enhanced  efficiencies  and  output  powers  [7,14]  by  a  simple  technique,  namely  die  use  of 
fibers  with  high  concentrations  (>10,000  ppm)  of  Er.  It  was  hypothesized  that  such  high 
concentrations  not  only  reduce  the  problem  of  ground  state  bleaching,  but  also  cause 
significantly  enhanced  cross-relaxation  via  the  formation  of  Er  ion  clusters  [15],  whose  net 
effect  is  to  relax  the  excitation  from  the  lower  laser  level  (4Ii3/2)  to  the  ground  state  ( 115/2), 
while  upconverting  an  adjacent  ion  to  the  4I9/2  state.  A  fringe  benefit  of  the  use  of  high  Er 
doping  densities  is  the  natural  amenability  of  die  consequent  high  core  absorption  to 
optimized  designs  of  double-clad  fibers  [16,17]  capable  of  being  pumped  by  relatively 
inexpensive  high  power  diode  arrays. 

In  this  Letter,  we  demonstrate  further  improvements  in  the  power  and  efficiency  of 
CW  lasing  at  the  2.7  pm  transition  in  Er3+:ZBLAN  fiber  lasers  by  utilizing  a  complementary 
technique  [6,10,18,19]  for  enhancing  the  rate  of  depletion  of  the  4l13/2  level  of  Er  by  energy 
transfer  to  the  3F3  and  the  3F4  levels  of  Pr  (see  Fig.  1).  In  particular,  we  demonstrate  660  mW 


Figure  1 .  Dominant  energy  transfer  pathways  between  laser  levels  in  Er  and  resonantly-matched 
energy  levels  in  Pr  (kj  -  0.1 5x1 03  s‘l  and  k2 —  0.93x1 03  s'1  for  our  20,000/5,000  ppm 
Er/Pr:ZBLAN  fiber) 


of  CW  output  [20]  from  a  791  nm  diode  array-pumped  Er/Pr:ZBLAN  rectangular-clad  fiber 
laser  with  a  slope  efficiency  of  13%  with  respect  to  the  absorbed  pump  power.  The  output 
power  demonstrated  here  is  nearly  an  order  of  magnitude  higher  than  the  highest  powers 
previously  reported  [14]  for  a  diode-pumped  mid-IR  fiber  laser,  and  shows  evidence  of  easy 
scalability  to  Watt  power  levels  (by  very  simple  improvements  such  as  optimization  of  the  Er- 
Pr  concentrations,  increase  of  the  pump  power  and  coupling  efficiencies,  and  the  use  of 
optimized  output  coupling). 

The  fiber  used  in  this  work  was  a  custom-designed  rectangular-clad  Er/Pr:ZBLAN 
fiber  [21].  The  rare-earth  concentrations  in  the  core  (dia  =13  pm,  NA=0.16)  were  chosen  to 
be  20,000  ppm  of  Er  and  5,000  ppm  of  Pr,  based  on  the  requirements  of  efficient  absorption 
in  Er  and  rapid  depopulation  of  die  lower  laser  level  (via  enhanced  cross-relaxation  in  Er  and 
efficient  energy  transfer  to  Pr).  The  lifetimes  for  the  \m  and  the  4Il3/2  upper  and  lower  laser 
levels  were  measured  to  be  2.5  ms  and  0.7  ms  respectively  (corresponding  to  a  lifetime  ratio  k 
of  3.57)  for  this  specific  co-doped  system  versus  lifetimes  of  4  ms  and  2  ms  respectively  (k  - 
2.0)  for  a  singly-doped  20,000  ppm  Er:ZBLAN  fiber,  and  7.5  ms  and  9.4  ms  respectively  (k  = 
0.8)  [22,23]  for  the  traditional  <1,000  ppm  low  concentration  self-terminating  2.7  pm 
ErrZBLAN  laser.  Further  details  on  die  criteria  used  for  choosing  such  dopant  concentrations 
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Figure  2.  Schematic  diagram  of  diode-pumped  double-clad  fiber  laser 


are  given  below.  A  schematic  diagram  of  the  diode-pumped  fiber  laser  setup  is  illustrated  in 
Fig.  2.  In  our  work,  we  used  an  OptoPower  791  nm  diode  array  capable  of  delivering  10 
Watts  as  the  pump  source.  The  inner  cladding  dimensions  and  NA  of  the  undoped  cladding  of 
the  double-clad  fiber  were  chosen  to  be  (100pmx200pm)  and  0.55  respectively  to  facilitate 
high  coupling  efficiencies  for  the  diode  beam  (whose  characteristics  are  8  mm  square  size,  6.5 
mrad  divergence  in  the  vertical  plane  and  -13  mrad  divergence  in  the  horizontal  plane)  to  be 
used,  as  well  as  to  obtain  significantly  high  effective  absorption  coefficients  [16,17].  In  order 
to  match  the  diode  array  beam  shape  to  die  rectangular-clad  fiber,  we  used  a  cylindrical  lens 
of  20  cm  focal  length  and  rotated  its  axis  with  respect  to  the  plane  of  the  diode  array,  to 
compensate  simultaneously  for  beam-shaping  and  astigmatism  effects  and  thereby  optimize 
the  coupling.  The  net  coupling  efficiency  and  the  effective  pump  (791  nm)  absorption 
coefficient  were  measured  to  be  65%  and  0.6  dB/m  respectively.  Given  the  measured  value  of 
the  effective  pump  absorption  coefficient  and  the  estimated  value  of  the  background  losses 
(0.1  dB/m)  at  the  lasing  transition,  we  chose  a  fiber  length  of  14  m  for  the  present 
experiments;  the  value  of  the  measured  pump  absorption  for  the  fiber  was  —85%. 

Fig.  3  shows  a  photograph  of  the  experimental  setup.  Strong  green  (544  nm) 
fluorescence  is  observed  when  the  diode  radiation  is  coupled  optimally  to  the  fiber  (and  was 
used  as  a  visual  indicator  to  optimize  coupling).  As  illustrated  in  Fig.  4,  this  fluorescence  is 
caused  by  excited  state  absorption  (ESA)  [24]  from  the  4I11/2  level  to  the  4F5/2  level,  followed 
by  rapid  non-radiative  decay  to  the  4S3/2  level  and  subsequent  fluorescence  from  the  4S3/2  level 
to  the  1 1 5/2  level.  Despite  its  visual  advantages  (including  facilitation  of  the  optimization  of 
coupling),  this  upconversion  mechanism  represents  a  detrimental  pathway  for  depopulation  of 
the  upper  laser  level.  As  such,  the  choice  of  the  791  nm  pump  wavelength  was  made  in  part  to 
reduce  the  detrimental  effects  of  this  ESA  (the  ESA  cross-section  at  791  nm  is  approximately 


100  times  weaker  than  that  at  the  peak  value  at  808  nm).  Even  lower  values  of  ESA  from  the 


Figure  3.  Photograph  of  the  experimental  setup  shown  schematically  in  Fig.  2 


expense  of  reduced  ground  state  absorption  and  a  reduction  in  the  “beneficial”  lower  laser 
level  (4I13/2)  depleting  ESA.  Wavelength  detuning  of  the  order  of  2-3  nm  may  be  optimum  for 
this  case,  and  is  well  within  the  tuning  range  of  the  pump  diode  array.  For  a  given  power 
level,  precise  optimization  is  best  done  by  detuning  the  pump  wavelength  for  highest  output 
powers. 


Figure  4.  Role  of  the  excited  state  absorption  (of  791  nm)  from  the  upper  laser  level 
(4I11/2)  in  generation  of  green  (544  nm)  upconversion  fluorescence  in  the  Er-doped  fiber 


Because  of  the  availability  of  sufficiently  high  pump  powers  and  gains,  we  were  able 
to  achieve  lasing  off  the  4%  Fresnel  reflections  from  the  two  ends  of  the  fiber.  All  the  data 
reported  here  corresponds  to  this  condition.  Fig.  5  shows  the  2.7  pm  output  power  as  a 
function  of  the  absorbed  791  nm  diode  power.  As  seen  from  the  above  plot,  the  laser 
threshold  is  330  mW  and  the  slope  efficiency  is  13%  with  respect  to  the  absorbed  power.  The 
linearity  of  the  plot  and  the  lack  of  any  evidence  of  saturation  at  the  high  pump  powers  clearly 


indicates  scalability  to  over  1  Watt  power  levels  simply  by  using  higher  pump  powers  or  more 
efficient  pump  coupling  and  pump  absorption  techniques. 


700 

|  600  - 

♦ 

♦ 

er 

g 

o 

_ ! _ 

4 

A  4 

o  400. 

♦ 

♦ 

g.  300- 

♦ 

3 

♦ 

o  200. 

♦ 

O' 

4 

5  loo. 

4 

I  . 

4 

0  . 

_ _ _ 

( 

^  t  i - 1 - ; - 1 - 1 

1  2  3  4  5  6 

Absorbed  791  nm  power  (W) 

Figure  5.  CW  2.7  output  power  vs.  absorbed  791  nm  pump  power  for  our  Er/PriZBLAN  fiber 


Given  the  round-trip  losses  in  the  cavity,  the  round-trip  gain  is  estimated  to  be  as 
high  as  29.4  dB  at  the  threshold  pump  power  density  of  1.65  kW/cm2.  The  significantly  lower 
threshold  pump  densities  used,  compared  to  the  >100  kW/cm2  reported  by  earlier  workers 
[10-12],  are  attributed  to  the  choice  of  a  double-clad  fiber.  The  relatively  high  slope 
efficiency  achieved  in  our  work  compared  to  other  non-cascade  lasing  schemes  [10,12]  is 
attributed  to  relatively  efficient  depopulation  of  the  lower  laser  level.  Further  improvements 
in  the  threshold  pump  densities  and  slope  efficiencies  can  be  made  by  further  optimization  of 
the  dopant  concentrations,  optimization  of  the  output  coupling  efficiency,  and  reduction  of 
intra-cavity  losses  (background  absorption  in  the  fiber  at  the  lasing  wavelength  and  scattering 
losses  at  the  fiber  ends). 

In  order  to  further  optimize  the  Er  and  Pr  concentration,  we  are  currently  developing 
a  detailed  model  for  calculating  the  gain  in  such  co-doped  glasses,  based  in  part  on  our  own 
spectroscopic  and  lifetime  measurements  for  the  4I11/2  and  the  4I13/2  levels  as  a  function  of 
dopant  concentrations,  particularly  for  ZBLAN  fibers  (since  these  values  tend  to  be  different 
from  those  reported  in  bulk  glasses  [23]).  Critical  issues  related  to  development  of  such  a 
model  are  the  rates  of  diffusion-assisted  energy  transfer  and  cross-relaxation  in  the  presence 
of  high  fractions  of  Er  ions  in  clusters  [15]  and  the  rates  of  depletion  (k2,  k^  of  the  4I13/2  and 
4I11/2  levels  as  a  function  of  Pr  concentration  [18,19];  as  such,  we  will  measure  these  quantities 
empirically  for  a  parametric  set  of  Er:  and  Er/Pr:ZBLAN  fibers  for  the  development  of  a 
reliable  model. 

In  future  work,  we  will  also  investigate  power  scaling  of  such  sources  by  coherent 
array  and  beam-combining  techniques.  Additional  work  is  also  in  progress  on  the 
demonstration  of  wavelength-tunable  and  pulsed  (Q-switched,  mode-locked  and  master- 
oscillator-pulsed  power  amplifier)  high  peak  power  sources  based  on  such  2.7  pm  fiber  lasers; 
the  latter  should  also  enable  the  generation  of  longer  mid-IR  wavelengths  relatively  easily  via 
efficient  nonlinear  optical  (Raman/Difference  Frequency  Generation)  techniques. 

In  summary,  we  report  the  first  demonstration  of  high  power  (660  mW)  CW 
operation  of  a  diode-pumped  mid-IR  Er  fiber  laser.  This  was  achieved  by  using  efficient 
depopulation  of  the  lower  laser  level  via  enhanced  cross-relaxation  between  Er  ions  and 
energy  transfer  to  Pr  ions  (at  doping  densities  much  higher  than  those  used  previously  in 
Er:ZBLAN),  along  with  optimal  pumping  of  such  lasers  via  custom-designed  double-clad 
fluoride  fibers.  With  optimized  coupling  optics,  higher  pump  powers,  and  improved  fiber 
design,  >1  Watt  power  levels  at  2.7  pm  are  anticipated  in  die  near  future. 
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First  Demonstration  of  Thermally-Poled 
Electro-Optically  Tunable  Fiber  Bragg  Gratings 
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Abstract -  We  demonstrate  electro-optic  tuning  of  a  fiber 
Bragg  grating  (FBG)  fabricated  in  a  thermally-poled  fiber.  40 
pm  of  tuning  was  demonstrated,  corresponding  to  an  electro- 
optic  coefficient  of  0.25  pm/V.  Such  electro-optic  tunable 
FBGs  have  strong  potential  for  numerous  devices,  including 
all-fiber  amplitude  modulators  and  high-speed  tunable  filters. 

Index  terms —  Tunable  Fiber  Bragg  Gratings,  Fiber  Devices, 
Thermally-Poled  Glasses,  Electro-Optic  Glass  Fibers 

There  is  a  growing  need  for  all-fiber  active  devices  for 
WDM  and  OTDM  applications.  For  example,  mode-locked 
all-fiber  laser  sources  whose  bandwidths  are  centered  at 
specific  WDM  channel  wavelengths  in  the  1.55  pm  ITU 
grid  are  highly  desirable  for  hybrid  WDM/OTDM  systems 
[1],  Passively  mode-locked  lasers  are  difficult  to 
synchronize  precisely  to  the  clock  frequencies  used  for 
signals  in  the  OTDM  channels.  As  such,  actively  mode- 
locked  all-fiber  lasers  whose  center  wavelengths 
correspond  to  specific  WDM  channels  are  highly  desirable. 

In  this  Letter,  we  demonstrate  a  key  component  capable  of 
actively  mode-locking  a  fiber  laser  at  pre-selected  WDM 
wavelengths  (using  schemes  similar  to  the  one  shown  in 
Fig.  1),  namely  a  fiber  Bragg  grating  (FBG)  that  is  electro- 
optically  tunable  and  modulatable  at  multi-GHz  speeds. 
Such  e-o  tunable  FBGs  can  also  be  used  for  DWDM 
applications  such  as  dynamic  wavelength  stabilization 
(suppression  of  relaxation  oscillations)  of  grating- 
controlled  narrow-linewidth  semiconductor  diode  lasers  [2] 
and  fiber  lasers  [3],  and  for  dynamic  wavelength 
reconfigurability  of  add/drop  switches  [4]. 

Fiber  Bragg  gratings  have  been  previously  tuned  by 
thermal  [4,5]  and  strain-based  [6-8]  mechanisms. 
Unfortunately,  these  tuning  methods  are  relatively  slow, 
limiting  their  speed  of  operation  (response  times  of  the 
order  of  sub-milliseconds).  On  the  other  hand,  electro- 
optically  tuned  FBGs  not  only  have  the  promise  of  much 
larger  bandwidths,  but  are  also  relatively  insensitive  to  the 
excitation  frequency,  unlike  piezo-electrically-tuned  FBGs 
[9].  For  instance,  the  mode-locked  fiber  laser  concept  based 
on  an  electro-optically  modulatable  FBG  depicted 
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Figure  1.  Conceptual  diagram  of  an  ultracompact  actively 
mode-locked  all-fiber  laser  based  on  an  electro-optic  tunable 
FBG  modulator 

schematically  in  Fig.  1  is  difficult  to  achieve  with  any  of 
the  FBG  tuning  mechanisms  used  previously  [4-9]. 

Electro-optically  tunable  FBGs,  achieved  by  UV-poling 
process  have  been  demonstrated  previously  by  Fujiwara  et 
al  [10];  unfortunately,  the  UV-poling  process  has  been 
difficult  to  reproduce  and  has  been  found  to  have  limited 
stability  [11].  The  limited  lifetime  of  the  second-order 
nonlinearity  (typically  less  than  a  few  months  at  room 
temperature)  induced  by  UV-poling  is  attributed  to  the 
relatively  small  activation  energy  (0.41  eV)  of  the  GeE’ 
defect  centers  [12],  which  is  believed  to  be  a  key  factor 
affecting  the  second-order  nonlinearity  induced  by  this 
process.  In  contrast,  we  have  used  the  thermal-poling 
process,  in  which  the  second-order  nonlinearity  is  assumed 
to  be  related  to  a  large  and  relatively  stable  “frozen-in” 
space  charge  field  [13,14];  as  such,  this  nonlinearity  has 
been  shown  to  be  more  reliable  and  much  more  stable  [15] 
than  the  nonlinearity  induced  by  UV-poling. 

In  our  experiments,  we  used  hydrogen-loaded  (100  atm.,  50 
°C,  2  days)  D-shaped  fibers  (KVH  Corp.,  2x4  pm  elliptical 
core  with  15%  Ge02)  for  the  Bragg  grating  fabrication.  We 
exposed  the  fiber  to  193  ran  pulses  from  an  ArF  excimer 
laser  (20  mJ/cm2/pulse,  10  Hz  rep  rate,  20  mJ/pulse  in  a  1 
cm2  beam)  for  20  mins  through  a  phase  mask  having  a 
period  of  1072  nm.  Two  different  FBGs  were  fabricated 
using  this  setup.  One  of  them  (FBG  #1)  had  a  13  dB 
reflectivity  and  a  500  pm  3  dB  bandwidth  (estimated  L=3 
mm),  whereas  the  other  grating  (FBG  #2)  had  a  12  dB 
reflectivity  and  a  300  pm  3-dB  bandwidth  (estimated  L=5 


mm).  A  key  issue  in  the  fabrication  of  thermally  poled 
FBGs  is  the  decay  of  the  grating  at  high  poling 
temperatures  (upto  260  °C)  [16,17].  In  our  experiments,  we 
pre-annealed  the  FBGs  at  300  C,  consistent  with 
established  processes  for  their  stabilization  [16,17].  After 
annealing,  the  reflectivity  of  FBG  #1  was  9  dB  and  that  of 
FBG  #2  was  7  dB.  The  flat  side  of  the  fiber  was 
subsequently  polished  to  -5  pm  from  the  core  (70  pm  total 
thickness)  and  processed  for  poling  at  3.3  kV. 


Fig.  2  shows  the  experimental  setup  used  to  measure  die 
reflection  and  transmission  spectra,  as  well  as  the  tuning 
characteristics  of  the  FBGs.  An  edge-emitting  LED  (ELED) 
was  attached  to  a  70:30  coupler  (70%  in  the  through  port, 
30%  in  the  cross-over  port),  which  was  mechanically 
spliced  to  the  FBG.  An  optical  spectrum  analyzer  (Ando 
AQ6315A,  0.05  nm  resolution)  was  connected  either  at  the 
transmission  end  of  the  FBG  or  at  the  reflection  end  of  the 
70:30  coupler  to  monitor  both  the  transmission  and 
reflection  spectra. 


Fig.  2.  Experimental  setup  for  spectral  characterization  of  FBGs 


In  preliminary  experiments,  a  Cr/Au  electrode  (300/2000  A 
thick)  of  3  mm  width  and  20  mm  length  was  deposited  on 
the  flat  side  of  the  D-shaped  fiber.  The  reflection  spectrum 
of  the  Bragg  grating  (FBG  #1)  is  shown  in  Fig.  3.  For  an 
applied  voltage  of  +5  kV  (anode  on  the  flat  side  of  the  D- 
shaped  fiber),  we  observed  a  spectral  shift  of  10  pm, 
corresponding  to  an  electro-optic  coefficient  of  0.06  pm/V. 


Figure  3.  Reflection  spectra  of  FBG  #/  showing  asymmetric 
shifts  of  10  pm  and  3  pm  respectively  for  5  kV  applied  voltage 
using  positive  and  negative  polarities 


In  order  to  verify  that  the  spectral  shift  did  not  occur  due  to 
the  piezoelectric  effect  or  due  to  heating,  we  switched  the 
polarity  of  the  electrodes  and  observed  a  spectral  shift  in 
the  opposite  direction,  confirming  the  electro-optic  tuning 
mechanism.  The  spectral  shift  observed  for  -5  kV  (cathode 
on  the  flat  side  of  the  fiber)  was  only  ~3  pm.  Such  a  result 
is  presumably  due  to  the  polarity  of  the  applied  field 
matching  that  of  the  “frozen-in”  electric  field  [13,14]  for 
the  positive  polarity,  and  canceling  the  effect  of  the 
“frozen-in”  electric  field  for  the  negative  polarity. 

In  recent  experiements,  we  lithographically  deposited  a  16 
pm  wide  electrode  on  the  flat  side  of  die  D-shaped  fiber. 
Figure  4  illustrates  the  transmission  spectrum  of  the  Bragg 
grating  (FBG  #2)  as  a  function  of  die  applied  voltage.  For 
an  applied  DC  voltage  of  3  kV,  we  observe  a  shift  of  ~40 
pm  (5  GHz)  in  the  Bragg  grating  spectrum.  Unfortunately, 
the  switching  of  the  polarity  of  electrodes  caused  an 
inadvertant  breakdown  of  die  device,  percluding  the 
possibility  of  observing  die  transmission  spectrum  for  the 
reversed  polarity.  Work  is  underway  to  fabricate  more 
devices  with  better  tuning  characteristics  than  those 
described  above. 


Figure  4.  Transmission  spectra  of  FBG  #2  showing  a  40  pm  shift 
with  an  applied  voltage  of +3  kV 


The  spectral  shift  (AX)  for  a  FBG  whose  reflectivity 
spectrum  is  centered  at  XB  is  given  by 


AA  =  Ab 


An 

n 


where  n  is  the  mean  refractive  index  of  the  fiber  core  and 


An  is  expressed  as 


K 
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where  r  is  the  electro-optic  coefficient,  D  is  die  thickness  of 
the  D-shaped  fiber,  and  V,  is  the  tuning  voltage  applied  to 
the  electrodes.  The  above  observation  of  a  wavelength  shift 
of  40  pm  for  a  tuning  voltage  of  3  kV  corresponds  to  an 
electro-optic  coefficient,  r  =  0.25  pm/V.  Since  previous 


ft 


reports  of  thermal  poling  in  bulk  glasses  [13]  suggest  that  r 
=  1  pm/V  is  achievable  using  poling  voltages  of  >5  kV, 
improved  liber  designs  are  presently  being  studied  to 
enable  the  use  of  such  poling  voltages  and  higher 
nonlinearites,  which  in  turn  will  lead  to  much  lower  drive 
voltage  requirements.  Furthermore,  we  plan  to  use 
enhanced  effective  nonlinearities  (by  reduced  fiber 
thicknesses)  to  reduce  the  tuning  voltage  to  less  than  ten 
Volts,  to  enable  devices  that  are  more  usable  for  telecom 
applications.  Such  improvements,  along  with  traveling- 
wave  electrode  configurations,  should  facilitate  the 
demonstration  of  10  GHz  amplitude  modulators  and  high¬ 
speed  dynamic  reconfigurability  of  ADMs  for  50  GHz 
DWDM  systems. 

For  the  FBG  shown  in  Fig.  4,  a  depth  of  modulation  of 
-10%  is  achievable  at  center  wavelengths  of  1556.85  nm 
and  1557.2  nm  respectively.  This  depth  of  modulation  can 
be  easily  increased  to  a  value  of  20%  by  simply  decreasing 
the  bandwidth  of  the  grating  to  0.2  nm,  for  instance,  by 
using  longer  FBGs.  In  addition,  further  increases  in  depth 
of  modulation  to  40%  can  be  achieved  by  increasing  the 
effective  nonlinearity  to  0.5  pm/V,  say  by  reducing  the 
thickness  of  the  poled  fiber  segment  to  30  pm.  Such  work 
is  a  key  target  of  our  current  activity  in  this  area. 

In  summary,  we  have  demonstrated  electro-optically 
tunable  fiber  Bragg  gratings  fabricated  using  thermally 
poled  fibers.  These  devices  appear  very  promising  for 
numerous  high-level  devices  such  as  the  demonstration  of 
ultra-compact  mode-locked  laser  sources,  and  for  several 
WDM  applications  such  as  dynamic  wavelength 
stabilization  of  grating-controlled  diode  and/or  fiber  lasers, 
and  for  the  development  of  dynamically  reconfigurable 
add/drop  switches. 
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ffwnpact  and  tunable,  high-efficiency  mid-IR 
sources  are  critically  needed  for  a  variety 
^applications  including:  (i)  surgical  cuts  en- 
^  Wed  by  the  strong  water  absorption  at  2.7  pm 
f  tissue,1  (ii)  mid-IR  countermeasures,  and 
$i)  environmental  and  industrial  gases  such 
WO,  H2S,  and  water  vapor.  The  first  two 
^plications  typically  require  watts  of  mid-IR 
fewer  and  the  latter  requires  a  source  that  is 
nable.  The  2.7-pm  transition  in  EnZBLAN 
rs2-5  is  a  promising  candidate  for  the  above 
plications  due  to  its  broad  tunability  (over 
nm)  and  the  demonstrated  power  scalabil- 
of  fiber  lasers,  particularly  with  the  use  of 
uble-dad  designs.  In  this  paper,  we  report 
40  mW  of  unsaturated  single-transverse- 
le  output  power  from  an  EnZBLAN  fiber 
r  of  relatively  simple  construction,  enabled 
part  by  the  use  of  high  Er  concentrations 
0,000  ppm)  and  in  part  by  the  choice  of  780 
(vs.  791  nm)  as  the  pump  wavelength.  The 
tput  powers  from  this  laser  should  be  readily 
lable  to  the  watt-power  level  with  commer- 
flyavaflable  780-nm  diode  pumps.  As  such, 
believe  this  work  represents  the  first  report 
he  use  of  a  double-dad  fiber  for  a  mid-IR 
r  laser. 

Figure  1  shows  the  experimental  arrange- 
nt  used  in  the  present  work.  The  choice  of 
fiber  was  based  on  our  plans  to  replace  the 
rrently  used  780-nm  Ti:Al203  laser  pump 
Ih  high-power  diode  pumps  of  relatively  low 
im  quality.  As  such,  we  used  a  5.5-m-long 
uble-dad  EnZBLAN  fiber,  with  10,000  ppm 
a  6-p.m  diameter,  0.15  NA  single-mode 
plificr  core  surrounded  by  a  concentric 


2  Fig.  1 .  Schematic  of  the  “mirror-free" 
BLAN  fiber  laser. 
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CWM2  Fig.  2.  Output  power  as  a  function  of 
incident  pump  power  at  780  nm. 


125-p.m  diameter  diode  pump-confining  core 
(“inner,  dad”)  of  0.3  numerical  aperture.  In 
contrast  to  previously  reported  work3*4  in 
which  relatively  expensive  multiresonant  mir¬ 
rors  (high  R  at  1 .6  p.m  and  2.7  pm,  and  high  T 
at  the  relatively  short  780-800  nm  pump 
waydength),  we  chose  a  much  simpler  cavity 
design  comprising  simply  of  the  4%  Fresnel 
reflections  at  the  two  uncoated  fiber  ends. 
Output  power  from  the  fiber  laser  was  moni¬ 
tored  by  completdy  attenuating  the  780-nm 
pump  with  a  2.7  pm  (T  =  90%)  transmitting 
filter.  A  key  feature  of  the  work  reported  here  is 
the  use  of  high  Er  concentrations  to  facilitate 
depopulation  of  the  long-lived  lower  laser  level 
by  crossrelaxation  processes.7  A  companion 
key  feature  of  the  work  reported  here  is  the  use 
of  a  pump  wavdength  of 780  nm  (compared  to 
the  791  -nm  pump  wavdength  used  previously 
for  exritation  of  the  4I,  l/2  upper  laser  level  via 
ti^e  %/2  pathway)  to  alleviate  ground  state 
bleaching  problems*;  this  choice  of  pump 
wavelength  is  demonstrated  to  be  approxi¬ 
mately  three  times  more  effident  than  the  use 
of  a  791-nm  pump  in  our  laser  design,  as 
daborated  below. 

Figure  2  shows  the  Pout  vs.  curve  for  this 
fiber  laser  when  pumped  by  780-nm  single- 
transverse  mode  Ti:sapphire  pump  radiation 
that  is  directly  coupled  to  the  6 -pm  amplifier 
core  (coupling  effidency  ~50%)  correspond¬ 
ing  to  its  current  use  as  a  simple  “single  dad” 
fiber.  The  vertical  axis  in  Fig.  2  corresponds  to 
mid-IR  power  output  from  both  ends  of  the 
fiber  laser,  and  lasing  threshold  corresponds  to 
a  gain  of  5.85  dB/round  trip  at  a  pump  power 
of  —25  mW  corresponding  to  a  pump  power 
density  of  ~-'400  KW/cm2.  Note  that  even  at 
the  highest  pump  power  levels,  there  is  no 
evidence  of  saturation  of  the  output  power 
from  this  2.7-pm  fiber  laser.  As  such,  in  a 
follow-on  experiment  currently  in  progress, 
comparable  gains  should  be  attainable  with  the 
use  of  ~-20  W  of  diode  pump  power  (Op- 
topower  Corp.)  coupled  partially  into  the  core 
and  partially  into  the  diode-pump-confining 
125- pm  inner  dadding;  for  this  experiment, 
output  power  levels  of  the  order  of  a  watt  are 
antidpated. 

Figure  3  shows  the  “excitation  spectrum”  of 
such  a  fiber  laser  in  the  vicinity  of  780  nm. 
Note  that  in  contrast  to  a  previous  report2  on 
the  output  power  of  such  a  mid-IR  fiber  laser 
as  a  function  of  the  pump  wavelength,  in  our 
work  three  times  greater  output  power  was 
obtained  with  the  use  of  the  780-nm  excita¬ 
tion  wavelength  when  compared  to  the  use  of 
the  more  traditional  791-nm  pump 
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CWM2  Fig.  3.  Output  power  as  a  function  of 
pump  wavelength. 


wavelength,2*4  despite  the  higher  ground  state 
(4IJ5/2  to  %/2)  absorption  at  791  nm.  We  are 
studying  this  effect  in  detail,  and  we  currently 
ascribe  the  observed  behavior  to  reduction  in 
ground  state  bleaching  effects,*  as  well  as  to  the 
reduction  of  deleterious  effects  caused  by  sig¬ 
nificantly  lower  ESA5’*  (from  the  upper  laser 
level  4I11/2  to  4F5/2)  for  780  nm  (instead  of  791 
nm),  and  the  wavelength  dependence  of  the 
“beneficial”  lower-level  (4I13/2)  depleting  ESA 
to  the  ESA  to  the  4Hu/2  level3* 

Results  of  diode  pumping  and  power  seal- 
ability  issues  will  also  be  presented  in  detail  in 
this  talk,  as  well  as  the  detailed  role  of  the 
various  excited-state  absorption  processes, 
and  a  comparison  of  the  performance  of  this 
mirror-free  laser  with  designs  using 
traditional3-5  multiresonant  mirrors  for  “cas¬ 
cade  lasing”  of  such  EnZBLAN  fiber  lasers. 
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High-energy  diode-pumped  Ho:Tm:YLF 
laser  for  wind  measurement  from  space 
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A  narrow-linewidth  all-solid-state  laser  system 
of  low  divergence  with  appreciable  pulse- 
energy  in  the  eyesafe  region  is  required  as  an 
transmitter  for  the  coherent  wind  lidar  mea¬ 
surements  from  ground,  air,  and  space-borne 
platform.  Research  efforts  at  NASA  Langley 
Research  Center  (LaRC)  were  initiated  to 
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Hfcnutr  of  the  strong  water  absorption  near  3  pm  in  tissue  and  the  consequent  ultrashort  penetration  m 
depths  (—few  microns),  compact  high  power  (100  mW  to  1  W)  2.7  pm  laser  sources  with  TEMoo  beam  J 
quality  1 1*3)  have  several  important  applications  in  ultrafine  intra-ocular  and  endoscopic  laser  surgery 
including  transmyocardial  revascularization  and  other  intra-arterial  procedures  [1].  Compact  and  efficient  a 
sources  of  mid-lR  radiation  are  also  needed  for  infrared  countermeasures  applications,  and  for  ppb  (parts  | 
per  billion)  level  spectroscopic  monitoring  [4]  of  various  species  such  as  NO  and  H2S. 

The  2.7  pm  transition  in  Er:ZBLAN  is  well-suited  for  several  of  the  above  applications.  However,  as  has  j| 
been  frequently  stated,  the  longer  natural  lifetime  of  the  lower  laser  level  9.4  ms)  relative  to  that  of 
the  upper  laser  level  (“lna,  7.5  ms)  of  the  2.7  pm  transition  often  results  in  a  population  bottleneck  that  _ 
inhibits  efficient  steady-state  (CW)  lasing  in  EnZBLAN  fiber  lasers  [2,3].  We  have  successfully  I 
demonstrated  -  for  the  first  time  -  “Watt-level”  CW  output  powers  (upto  -700  mW)  in  diode-pumped 
ErZBLAN  fiber  lasers.  These  results  have  been  achieved  by  using  efficient  and  novel  depopulation 
mechanisms  for  the  lower  laser  level,  namely  cross-relaxation  between  Er  ions  at  high  doping  densities  ■ 
[5,6]  and  energy  transfer  to  the  3F3  and  3F4  levels  of  Pr  ions  [7].  ™ 

/.  Efficient  2. 7  pm  Fiber  Lasers  l%lng  Cross-Relaxation  Processes :  I 

The  population  bottleneck  mentioned  above  can  be  alleviated  through  an  enhanced  cross-relaxation  B 
process  [6]  at  high  doping  densities  as  has  been  observed  by  Bogdanov  et  al  [5]  at  Er  concentrations  of 
>15%  in  ZBLAN  bulk  glasses.  However,  our  recent  measurements  [6]  have  shown  conclusively  that  the  M 
onset  of  Er  ion  clustering  (presumably  at  sites  corresponding  to  drawing-induced  defects)  can  significantly  g 
enhance  the  cross-relaxation  even  at  much  lower  doping  densities  (2%),  corresponding  to  doping  densities 
that  are  relatively  easy  to  achieve  with  current  fiber  fabrication  techniques.  A  fringe  benefit  of  the  use  of  ^ 
high  Er  doping  densities  is  the  natural  amenability  of  the  consequent  high  core  absorption  to  optimized  g 
designs  of  double-ck  d  fibers  capable  of  being  pumped  by  relatively  inexpensive  high  power  diode  arrays. 

A  10  W  OptoPower  diode  array  operating  at  795  nm  was  used  to  pump  a  custom-designed  20  m  long  I 
Thorlabs  20,000  ppm  double-clad  (core  dia.=3.8  pm,  NA— 0.28,  inner  clad  dia.=125  pm,  NA=0.5)  2.7  pm 
fiber  laser,  as  depicted  schematically  in  Fig.  1.  The  diode-to-double-clad  fiber  coupling  efficiency  and  the 
pump  absorption  efficiency  were  45%  and  50%  respectively.  CW  lasing  was  easily  achieved  with  just  theB 
4%  Fresnel  reflec  tions  from  the  fiber  ends.  In  this  initial  setup,  over  400  mW  of  CW  2.7  pm  output  ha» 
been  obtained  with  a  slope  efficiency  of  12%  with  respect  to  absorbed  power.  Work  is  in  progress  to  scale 
the  output  power  to  >  1  W  by  optimized  coupling  optics,  and  longer  fiber  lengths  for  higher  absorption.  B 


Multimode  Fiber  f=8mm 


Detector  rmer 

Figure  7.  Schematic  of  multimode  diode  array-pumped  high  power  CW  2.7  pm  fiber  laser 


Diode-Pumped  High  Power  CIV  2. 7  pm  Er  Fiber  Lasers,  Srinivasan  et  cd., . 


II.  Efficient  2. 7  pm  Fiber  Lasers  Using  Energy  Transfer  to  Pr  Ions: 

We  have  also  demonstrated  high  power  and  efficient  operation  of  the  2.7  pm  transition  in  Er3+  by  further 
enhancing  the  rate  of  depletion  of  the  4lJ3a  level  of  Er34  by  energy  transfer  to  the  3F3  and  the  3F4  levels  of 
Pr3+  [7].  The  rare-earth  concentration  was  chosen  to  be  20,000  ppm  of  Er  and  5,000  ppm  of  Pr  based  on  the 
requirements  of  efficient  absorption  in  Er3+  and  rapid  depopulation  of  the  lower  laser  level  (via  enhanced 
cross-relaxation  in  Er  and  efficient  energy  transfer  to  Pr).  The  lifetime  for  the  4Ii3/2  level  was  measured  to 
be  0.7  ms  for  this  specific  co-doped  system  (vs.  -2  ms  for  a  singly-doped  20,000  ppm  EnZBLAN  fiber). 
The  inner  cladding  of  the  custom-made  Thorlabs  double-clad  fiber  was  designed  to  be  1 00pmx200pm  and 
0.55  NA.  In  order  to  match  the  OptoPower  791  nm  diode  array  beam  shape  to  the  rectangular-clad  fiber,  a 
cylindrical  lens  whose  axis  was  rotated  with  respect  to  the  plane  of  the  diode  array  was  used  to  optimize 
coupling;  the  net  coupling  efficiency  and  effective  absorption  coefficient  were  measured  to  be  65%  and  0.6 
dB/m  respectively.  The  total  absorption  for  the  1 4  m  long  fiber  was  ~85%. 


Fig.  2  shows  the  2.7  pm  output  power  as  a 
function  of  the  absorbed  791  nm  diode 
power.  As  seen  from  the  above  plot,  the 
laser  threshold  is  330  mW  and  the  slope 
efficiency  is  13%  with  respect  to  the 
absorbed  power,  the  threshold  corresponds 
to  a  round-trip  gain  of  29.4  dB  at  a  pump 
power  density  of  1.65  kW/cm2.  The 
linearity  of  the  plot  clearly  indicates 
scalability  to  Watt  power  levels  using 
higher  pump  powers  or  more  efficient 
pump  coupling  and  pump  absorption 
techniques.  In  our  presentation,  we  will 
elaborate  on  such  power  scaling  issues, 
based  on  improved  fiber  designs  (optimized 
doping  densities,  improved  double-clad 


2  3 

Absorbed  791  nm  power  (W) 


Figure  2.  CW  2.7  pm  power  vs.  absorbed  diode  power  for 
14  m  long  20,000/5,000 ppm  Er/Pr:ZBLAN fiber 


designs)  and  pump  geometries,  targeted  on  the  development  of  highly  efficient  multi-Watt  2.7  pm  CW 
lasers.  We  will  also  discuss  future  directions  related  to  wavelength-tunable  and  pulsed  (Q-switched  and 
mode-locked)  high  peak  power  sources  based  on  such  lasers;  the  latter  should  also  enable  the  generation  of 
longer  mid-lR  wavelengths  relatively  easily  via  efficient  nonlinear  optical  (Raman/DFG)  techniques. 
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Abstract:  This  work  describes  the  first  observation  of  passive  Q-switching  (  7  ps  pulsewidth,  35 
kHz  rep  rate)  of  a  mid-IR  fiber  laser.  This  was  achieved  by  using  a  liquid  gallium  mirror  as  a 
saturable  absorber. 

OCIS  codes:  (141.0140)  Lasers  &  Laser  Optics:  (140.3510)  Fiber  Lasers,  (140.3540)  Q-switched  Lasers 

Watt-level  diode-pumped  continuous  wave  mid-infrared  fiber  lasers  [1,2],  based  on  double-clad  high- 
concentration  (>10,000  ppm)  erbium-doped  ZBLAN  fiber  materials,  have  been  developed  in  recent  years. 
Compact  pulsed  mid-IR  laser  sources  based  on  similar  fiber  designs  are  a  logical  next  step.  Such  pulsed 
fiber  lasers  with  emission  wavelengths  in  the  vicinity  of  the  3  pm  mid-infrared  water  absorption  peak  are 
needed  for  a  number  of  medical  applications  [3-5].  In  addition,  in  systems  that  require  lightweight  and 
efficient  pulsed  sources  such  as  for  airborne  or  spacebome  applications,  passively  Q-switched  designs  are 
preferred  over  actively  Q-switched  lasers  because  of  their  simplicity,  compactness,  and  relative  cost- 
effectiveness.  This  presentation  describes  the  first  demonstration  on  passive  Q-switching  of  mid-IR  rare- 
earth  doped  fiber  lasers. 

One  of  the  more  exciting  methods  for  the  passive  Q-switching  of  fiber  lasers  is  the  use  of  the  large 
optical  nonlinearities  in  gallium  which  has  been  recently  discovered  [6,  7].  In  particular,  at  1.5  pm 
wavelengths,  reflectivity  changes  as  high  as  30%  have  been  stimulated  for  relatively  low  intensities  of 
~lkW/cm2,  and  has  been  exploited  [6,  7]  in  the  Q-switching  of  fiber  lasers  emitting  in  the  near-infrared 
(Yb:Silica/1060  nm,  Er:Silica/1550  nm)  spectral  region.  Because  of  significantly  reduced  absorption  in 
the  vicinity  of  3  pm,  it  was  not  obvious  that  the  Ga:glass  mirror  would  work  adequately  for  Q-switching 
the  mid-IR  Er:ZBLAN  fiber  laser.  This  work  demonstrates  that  indeed  the  Ga:glass  saturable  absorber 
can  be  used  to  Q-switch  lasers  at  the  3  pm  range. 

Dichroic  Mirror  Fiber 


Fig.  1.  Schematic  of  our  pulsed  mid-IR  fiber  laser  using  a  butt-coupled  liquid  gallium  mirror 

A  schematic  of  the  experimental  set-up  is  depicted  in  Figure  1.  It  consists  of  a  simple  Fabry-Perot 
cavity  defined  by  the  4%  Fresnel  reflection  off  the  pump  end  of  the  fiber,  and  a  rear  mirror  defined  by  a 
gallium rfluoride  glass  interface.  The  gallium  was  held  in  a  ~3  mm  diameter  dimple  machined  into  an 


aluminum  block  thermally  contacted  (using  silicone  paste)  onto  a  thermoelectric  cooler.  The  20,000  ppm 
EnZBLAN  (Thorlabs/KDD)  double-clad  fiber  (L  =  20m )  was  pumped  with  a  high  power  790  nm  diode 


(a)  (b) 


Fig.  2.  Pulsed  operation  of  a  passively  Q-switched  Er:ZBLAN  2.8  pm  fiber  laser,  (a)  7  ps  pulsewidths 
(horizontal  scale  =  10  ps/div),  (b)  Repetition  rate  as  function  of  launched  pump  powers. 

array  from  Optopower.  The  pulsewidths  and  pulse  shapes  were  measured  with  a  fast  (0.3  ns  rise  time) 
InAs  photodetector. 

When  the  Peltier  cooler  was  set  to  temperatures  from  10  to  25  °C,  Q-switching  was  observed  as 
depicted  in  Figure  2a.  Unstable  pulsing  or  CW  lasing  was  observed  outside  the  above-mentioned 
temperature  range.  For  the  data  shown  in  Fig.  2a,  the  launched  pump  power  was  720  mW  and  the  Ga 
mirror  was  set  to  a  temperature  of  12.7  °C.  At  these  settings,  the  observed  pulse  width  was  7  ps  at  rep 
rates  of  37  kHz.  As  is  consistent  with  the  behavior  of  passively  Q-switched  fiber  lasers  [8],  the  laser’s 
repetition  rate  increased  with  pump  power  (Fig.  2b),  while  the  pulse  width  had  an  inverse  relation  with 
the  pump. 

In  conclusion,  we  have  demonstrated  a  passively  Q-switched  EnZBLAN  mid-infrared  fiber  laser  based 
on  a  liquid  gallium  mirror  saturable  absorber.  In  particular  we  have  shown  that  the  galliurmfluoride 
(ZE  LAN)  glass  system  has  a  nonlinear  response  similar  to  the  silicate  glasses  previously  reported  [7],  at 
wavelengths  as  long  as  2.8  pm.  A  detailed  study  of  the  optical  nonlinearity  of  the  Ga  mirror  through 
pump-probe  experiments  at  the  2.8  pm  band  is  in  progress. 

This  work  was  supported  by  AFOSR. 
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Abstract:  We  report  tunable  operation  of  a  diode-pumped  mid-IR  Er-doped  ZBLAN  fiber  laser.  The 
output  wavelengths  were  tunable  from  2.71  pm  -  2.83  pm  with  powers  varying  from  1  mW  -  30 
mW. 
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The  understanding  of  mid-IR  laser  sources  in  Er:ZBLAN  materials  has  dramatically  improved  in  the 
last  two  years  [1,2],  resulting  in  the  demonstration  [3]  of  high  power  (watt-level)  diode-pumped  2.8  pm 
fiber  lasers  that  exploit  interionic  cross-relaxation  processes  in  novel  materials  with  high  erbium  doping 
densities.  Although  tuning  of  EnZBLAN  fiber  lasers  in  the  vicinity  of  2.7  pm  has  been  demonstrated 
earlier  [4],  this  presentation  describes  the  first  demonstration  of  a  diode-pumped,  tunable  mid-IR  fiber 
laser,  as  well  as  the  first  demonstration  of  tunable  operation  in  the  vicinity  of  2.8  pm,  as  needed  for  high 
sensitivity  spectroscopic  detection  of  important  trace  gases  (such  as  Iff,  NO,  and  water  vapor).  The 
compactness  and  portability  of  the  present  device  lends  promise  for  its  field-usability  in  the  foreseeable 
future. 


Fig  1.  Schematic  of  tunable  mid-IR  fiber  laser  using  a  grating  in  the  Littrow  configuration.  The  inset  at 
the  lower  right  shows  a  cross-section  of  the  double-clad  fiber. 

The  experimental  set-up  is  depicted  in  Fig.  1 .  A  20  meter  long  double  clad  EnZBLAN  fiber  (20,000 
ppm  erbium,  from  Thorlabs/KDD),  pumped  by  a  790  nm  Optopower  diode  array,  was  used  as  the  gain 
medium.  The  laser  cavity  was  formed  by  the  4%  Fresnel  reflection  at  the  fiber  end  facing  the  pump  and  a 
bulk  grating  blazed  at  2.6  pm  (diffraction  efficiency  =  80%,  0B  =  15°4’,  200  grooves/mm).  Spectral  data 
were  taken  with  a  CVI  Digikrom  240  spectrometer. 

Fig  2  shows  output  tuning  curves  (tuning  range  from  2.70  pm  to  2.81  pm)  when  the  laser  was  pumped 
at  two  different  (195  mW,  285  mW)  launched  pump  powers  Ppump.  As  the  pump  power  increases,  the 
spectrum  tends  to  shift  to  longer  wavelengths.  In  particular,  for  Ppump  =  1.13  W,  the  tunable  output 
extended  from  2.78  pm  to  2.83  pm,  and  CW  powers  as  high  as  30  mW  was  obtained.  This  tendency  to 
shift  to  longer  wavelengths  at  high  pump  powers  has  been  observed  before  in  unintentionally-tuned 
erbium-doped  bulk  glass  lasers  [5],  and  is  presumably  due  to  re-absorption  effects  and  the  efficiency  of 
the  inter-ionic  cross-relaxation  process  that  depopulates  the  lower  lasing  level  (4Ii3/2  manifold). 


Fig.2.  Tuning  curves  for  diode-pumped  Er.ZBLAN fiber  laser  at  various  launched  790  nm  pump  powers  Ppump . 


For  these  measurements,  the  observed  linewidths  were  resolution-limited  (~1  nm  for  the  slit  widths 
chosen).  No  attempts  have  yet  been  made  to  reduce  the  linewidths  to  the  <  0.01  cm'1  values  required  for 
spectroscopic  applications  at  this  spectral  region.  Such  linewidths  can  be  achieved  by  the  use  of  multiple 
dispersive  elements  (i.e.  grating-prism  combinations)  or  the  employment  of  resonator  designs[6]  that 
interferometrically  enhance  mode  selection  (i.e.  Fox-Smith  resonators,  multiple-arm  cavities). 

Efforts  are  underway  to  increase  the  output  power  of  the  tunable  lasers  by  optimizing  the  fiber  lengths 
and  the  output  coupling,  by  improving  the  polishing  of  the  fiber  ends,  and  by  reducing  the  losses  caused 
by  intra-cavity  absorption  due  to  water  vapor  with  the  use  of  enclosed  cavities  containing  inert  gases. 
Narrow  linewidth  laser  sources  are  being  constructed  based  on  Littman-Metcalf  resonator  geometries  and 
grating-prism  combinations,  with  the  option  of  using  high-finesse  Fabry-Perot  filters  as  a  next  step  to 
further  improve  the  laser  linewidth  characteristics.  The  design  of  a  relatively  low-loss  FBG-tuned  near- 
monolithic  cavity  structure  [1]  is  also  in  progress. 

This  work  was  supported  by  AFOSR. 
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Abstract 

We  report  the  demonstration  of  thermally  stable  strong  (10‘3  index  change)  fiber  Bragg  gratings 
in  germanosilicate  fibers.  Our  one-step  FBG  writing/stabilization  process  uses  a  phase  mask  that 
transmits  a  significant  fraction  of  the  zeroth  order. 
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Strong,  high  reflectivity  fiber  Bragg  gratings  (FBGs)  are  critical  in  a  wide  variety  of  WDM  devices 
including  add-drop  filters,  demultiplexers,  Raman  amplifiers,  and  fiber  laser  sources  [1].  The  technique 
of  hydrogen-loading  [2]  is  well  established  for  sensitizing  germanosilicate  fibers,  leading  to  strong 
(An>10'3)  index  gratings  in  the  fiber  core.  As  such  FBGs  get  integrated  into  critical  telecommunication 
systems,  their  long-term  stability  has  become  an  important  issue  [3].  In  this  paper,  we  report  the 
demonstration  of  thermally  stable  strong  (10‘3  index  change)  fiber  Bragg  gratings  in  germanosilicate 
fibers  using  a  phase  mask  that  transmits  a  significant  fraction  of  the  zeroth  order. 


Although  FBGs  with  index  changes'  approaching  10-2  have  been  demonstrated  in  hydrogen-loaded  fibers 
[4],  the  physical  mechanism  leadirig  to  enhanced  photosensitivities  and  the  thermal  stability  of  the  FBGs 
are  not  yet  fully  understood  [5,6],  Patrick  et  al.  [5]  have  reported  a  relatively  comprehensive  study  on  the 
stability  of  FBGs  in  H2-loaded  germanosilicate  fibers.  In  particular,  they  noted  that  the  annealing 
behavior  of  such  FBGs  was  significantly  different  from  that  of  FBGs  fabricated  in  non-hydrogenated 
fibers.  Subsequently,  Egan  et  al.  [6]  reported  data  that  contradicted  the  conclusions  of  Patrick  et  al.  In 
particular,  they  found  similar  annealing  behavior  for  FBGs  irrespective  of  whether  the  boron-doped 
germanosilicate  fibers  were  H2-loaded  or  not.  However,  both  studies  (which  used  holographic 
interference  of  UV  radiation  for  the  FBG  fabrication)  reported  poor  thermal  stability  of  the  FBGs,  i.e., 
the  magnitude  of  the  UV-induced  index  change  (An)  decreased  to  <25%  of  its  original  Value  for 
temperatures  of  500  °C.  This  large  decay  for  a  relatively  low  thermal  energy  indicates  that  the  majority 
of  the  index  change  originally  created  in  these  H2-loaded  fibers  is  due  to  defects  with  small  activation 
energies  (kT<0.62  eV,  shallow  defects  shown  in  Fig.  1). , 
related  to  the  stability  of  FBGs  fabricated  in  H2-loaded  fit: 
of  the  defects  can  be  controlled.  We  have  performed  studies  on  the  annealing  behavior  of  FBGs  that  can 
provide  clues  to  the  solution  of  the  above  problem,  leading  to  the  fabrication  of  thermally  stable  high 
reflectivity  FBGs. 


Important  fundamental  question  that  arises 
is  the  issue  of  how  the  energy  distribution 
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Figure  1.  Conceptual  diagram  of  the  energy  distribution  of  GODC  defects  after 

UV  irradiation  [7] 


The  above  problem  can  also  be  approached  from  a  different  perspective  -  is  it  possible  to  tailor  the 
defects  such  that  they  are  more  stable?  Such  an  idea  suggests  a  stabilization  technique  that  requires  an 
extra  processing  step  in  the  fabrication  of  the  FBGs.  Indeed,  Salik  et  al.  [8]  recently  demonstrated 
stabilization  of  FBGs  in  non-H2*loaded  fibers  by  uniform  UV  illumination  of  fiber  prior  to  or  after  the 
FBG  fabrication,  a  process  that  eliminates  the  fraction  of  grating  due  to  shallow  defects  by  saturating 
them.  But,  such  a  procedure  requires  a  priori  knowledge  of  the  fraction  of  index  change  due  to  shallow 
defects  and  also  involves  an  extra  processing  step  that  is  undesirable  for  mass  manufacturing  of  such 
FBGs.  To  circumvent  this  problem,  Salik  et  al.  suggest  an  alternate  stabilization  technique  in  which  they 
use  a  significant  fraction  of  the  zero  order  beam  transmitted  through  a  phase  mask  (which  produces  the 
interference  pattern  also)  to  uniformly  illuminate  the  fiber,  thereby  saturating  the  shallow  defects  and 
stabilizing  the  FBG.  They  have  reported  preliminary  results  demonstrating  successful  implementation  of 
this  technique  for  relatively  weak  FBGs  written  in  non-H2  loaded  fibers  [8].  But,  as  Patrick  et  al.  [5]  had 
reported,  the  distribution  of  activation  energies  in  H2*loaded  fibers  is  different  from  that  in  non-H2- 
loaded  fibers  (which  are  well-described  by  the  model  of  Erdogan  et  al.  [3]).  They  also  show  that  the 
species  responsible  for  the  index  change  in  the  H2-loaded  fiber  dissociate  at  lower  annealing 
temperatures  than  those  in  the  unloaded  fiber.  Such  studies  clearly  show  that  the  stabilization  techniques 
for  non-H2-loaded  fibers  may  not  necessarily  be  applicable  for  H2-loaded  fibers.  Moreover,  a  simple, 
efficient  stabilization  technique  has  not  yet  been  demonstrated  for  strong  FBGs  (An>10"3). 

In  this  paper,  we  report  recent  studies  on  the  stabilization  of  fiber  Bragg  gratings  while  they  are  being 
fabricated.  Using  this  one-step  writing/stabilization  technique,  we  have  demonstrated  FBGs  in  H2- 
loaded  fibers  that  have  superior  thermal  stability  compared  to  those  reported  previously.  A  key 
advantage  of  this  technique  is  that  the  large,  stable  index  change  leading  to  relatively  strong  (An  >10'3) 
FBGs  can  be  controlled  in-situ  and  hence  is  commercially  viable. 

We  used  a  193  nm  ArF  laser  with  an  energy  density  of  20  mJ/cm^  at  a  repetition  rate  of  7  Hz  in  our 
experiments.  We  fabricated  the  FBGs  (An  ~1.2xl0-^)  by  exposing  SMF-28  fibers  (—5%  Ge02),  which 
have  been  H2-loaded  (1500  psi,  50  °C)  for  72  hrs,  through  a  custom  phase  mask  (1072  nm  period,  25% 
in  zero  order,  35%  each  in  the  first  orders).  The  FBGs  were  subsequently  annealed  in  a  standard  box 
oven  capable  of  heating  upto  1000  °C.  One  end  of  the  FBG  was  mechanically  spliced  to  a  pigtailed  LED 
and  the  other  connected  to  an  optical  spectrum 
analyzer  for  in-situ  monitoring  of  the  FBG 
transmission.  The  temperature  inside  the  oven 
was  calibrated  by  an  observed  shift  of  the  FBG 
spectrum  [5].  The  FBG  transmission  was 
monitored  after  8  hours  (to  allow  the  An  to 
stabilize  at  that  particular  temperature)  at  each 
annealing  temperature.  The  corresponding  index 
change  was  deduced  and  normalized  with  respect 
to  the  value  at  room  temperature.  Fig.  2  shows 
the  response  of  index  change  to  different 
annealing  temperature  for  our  FBGs  compared  to 
those  of  Patrick  et  al  [5]  and  Egan  et  al.  [J.  The  Plot  illustrating  the  superior  stability  of  FBGs 

plot  clearly  indicates  the  superior  stability  of  in  H2-loaded  fibers  fabricated  using  our  custom  phase 

FBGs  fabricated  using  our  custom  phase  mask  as  mask  compared  to  those  fabricated  using  holographic 

compared  to  holographic  interference  methods  interference  technique 

used  in  their  work.  The  key  factor  leading  to  our 

results  is  the  uniform  illumination  of  the  fiber  by  the  zero  order  UV  beam,  which  saturates  the  shallow 
defects  and  stabilizes  the  FBG.  One  disadvantage  of  this  technique  however,  is  the  reduction  in  the  fringe 


contrast  of  the  interference  pattern.  We  are  currently  investigating  the  optimum  percentage  of  the  zero 
order  scattered  UV  radiation  (transmitted  through  the  phase  mask)  such  that  stabilization  of  the  FBG  is 
achieved  without  seriously  degrading  the  fringe  contrast  of  the  interference  pattern. 

In  separate  experiments,  we  observed  that  the  thermal  stability  of  a  germanosilicate  fiber  with  higher 
GeC>2  concentration  was  poor  compared  to  SMF-28  fibers.  In  order  to  examine  this  in  detail  we 
fabricated  FBGs  of  ~30  dB  reflectivity  in  H2-loaded  fibers  with  three  different  GeC>2  concentrations  viz. 
Coming  SMF-28  fiber  (-5%  GeC>2),  KVH  e-core  fiber  (-18%  Ge02>,  and  QPS  “Photosensitive”  fiber 
(30%  GeC>2)  using  a  phase  mask  that  had  7%  transmission  in  the  zeroth  order.  Subsequently  these  FBGs 
were  annealed  at  temperatures  upto  750°C  and 
the  decay  in  the  modulated  index  change  was 
noted  down.  Fig.  3  shows  the  results  of  such 
annealing  experiments.  The  annealing  behavior 
for  the  three  FBGs  were  found  to  be  similar  for 
temperatures  upto  450°C  (within  error  bars  of 
5%),  indicating  that  the  energy  distribution  of  the 
shallow  defects  is  similar.  At  higher  temperatures 
the  index  change  for  the  FBGs  fabricated  in 
fibers  with  higher  GeC>2  concentrations  decay 
faster  than  for  the  SMF-28  FBG.  The  annealing 
behavior  at  high  temperatures  indicates  a  higher 
density  in  the  energy  distribution  of  deep  defects 
for  Ge02  concentrations  of  >18%.  Furthermore, 
the  above  annealing  behavior  shows  that 
thermally  stable,  strong  gratings  can  be 
fabricated  in  hyrdogen-loaded  fibers  with  very 
low  (<5%)  GeC>2  concentrations.  Such  an  observation  is  critical  for  the  design  of  FBGs  with  strong 
reflectivity  as  well  as  good  thermal  stability  and  is  being  currently  investigated  in  detail. 
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Figure  3.  Plot  illustrating  different  annealing  behavior  for 
FBGs  fabricated  in  fibers  with  different  Ge02  concentrations 
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Because  of  the  strong  water  absorption  near  3  pm  in  tissue  and  the  consequent  ultrashort 
penetration  depths  (of  a  few  microns),  compact  high  power  (100  mW  to  1  W)  2.7  pm  laser 
sources  with  TEMoo  beam  quality  have  several  important  applications  in  ultrafine  intra-ocular 
and  endoscopic  laser  surgery  including  transmyocardial  revascularization  and  other  intra-arterial 
procedures  .  In  such  applications,  laser  energy  absorbed  by  the  targeted  tissue  is  capable  of  its 
coagulation  or  precise  ablation  with  minimal  damage  to  the  remaining  tissue.  Other  applications 

that  could  benefit  from  compact  and  efficient  sources  of  mid-IR  radiation  include  infrared 
countermeasures  and  spectroscopic  sensing. 

•vj  .  ■ ^  ?“  paper’  w,e  report  stable  high  power  (140  mW)  CW  output  from  a  2.7pm  fiber  laser, 

ote  that  these  power  levels  represent  over  an  order  of  magnitude  increase  in  the  power  reported 

” 3  y  T  if1i°no7Umped  Er:ZBLAN  fiber  *«***•  Moreover,  in  contrast  with  previous 
rep^  m  winch  1000  ppm  was  identified  as  the  optimal  doping  density,  an  unique  enabling 

, .  h  euimg  t0  thC  reSultS  ^Ported  here  w  the  use  of  high  Er  doping  densities  (10,000 ppm) 

3  T  deplfe0f  1116  lower  laser  level  though  cross-relaxation  processes*. 
TTiese  high  doping  densities  %^able  the  exploitation  of  double-clad  fiber  geometries,  capable 

of  being  pumped  by  relatively  inexpensive  high  power  diode  arrays,  while  keeping  optimal  fiber 

2”el;tlVdy  sh°rt’  !  e-  on  the  order  meters.  Furthermore,  we  describe  a  simple 

murorless  design  which  is  directly  pigtailable  to  the  pump  diode,  representing  a  much  more 

commercially  viable  alternative  to  previous  high  power  2.7  um  fiber  laser  designs,  that  invoke 
cascade  lasing  processes  by  using  complex  and  expensive  multi-resonant  mirror  coatings6. 

The  experimental  setup  is  shown  in  Fig.  1.  The  double-clad  Er:ZBLAN  fiber  used  was 
approximately  5  m  long,  with  an  Er  doping  density  of  10,000  ppm  in  a  single  mode  6  pm,  0.15 
NA  core  surrounded  by  a  concentric  125  pm  0.3  NA  cladding.  The  pump  source  was  an 

i'OP°Ir!  0Porating  at  a  Wave,enSth  of  795  uud  capable  of  yielding  nearly  20 

Watts  of  CW  power  in  a  8  mm  x  8  mm  beam  of  5  mrad  divergence.  A  multimode  silica  fiber 

(  50  pm  core  diameter)  was  used  to  condition  the  spatial  profile  of  the  pump  beam  so  as  to 
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LP.  aspheric  lens  pair,  f=12  mm;  FL:  aspheric  focusing  lens,  f=6  mm 
Figure  1.  Schematic  of  multimode  diode  array-pumped  mid-IR  fiber  laser 


improve  its  coupling  efficiency  to  the  double-clad  EnZBLAN  fiber  while  inhibiting  the 
possibility  of  damaging  its  ends.  No  dielectric  mirrors  were  used  for  the  laser  cavity,  and 
feedback  was  obtained  simply  by  the  -4%  Fresnel  reflections  at  the  two  uncoated  fiber  ends. 

The  throughput  (r|,)  of  the  beam-shaping  multimode  fiber  and  the  related  lens  pair  (LP) 
was  55%  This  near-collimated  9  mm  diameter  beam  exiting  the  beam  conditioning  setup  was 
then  focused  into  the  inner  cladding  of  the  double-clad  EnZBLAN  fiber  by  another  asphenc  lens 
(FL)  of  7  mm  diameter  with  a  net  coupling  efficiency  (r|2)  of  40%,  which  includes  a  loss  due  to 
beam  clipping.  In  this  preliminary  unoptimized  setup,  the  effective  launch  efficiency  (t|3=n,xr|2) 

of  the  diode  array  beam  into  the  double-clad  fiber  was  thus  only  22%. 

As  observed  through  measurements  of  unabsorbed  pump  power  at  the  end  of  the  5  m 
double-clad  fiber,  the  effective  absorption  (a)  of  the  pump  light  was  only  19%,  leading  to 
utilization  of  only  P=a  x  ti3  i.e.,  only  4%  of  the  pump  photons  available  at  the  output  of  the 
pump  diode  laser  in  this  unoptimized  experiment.  Fig.  2  shows  a  plot  of  the  output  power  as  a 
function  of  the  absorbed  pump  power. 

The  mid-IR  power  in  the  figure  ?  160 

corresponds  to  the  total  mid-IR  power 
output  from  both  ends  of  the  fiber  laser. 

There  was  no  evidence  of  lasing  at  either  g.  Q0 

1.55  pm  or  1.7  pm  or  the  onset  of  the  <j>  60 

cascade  lasing  phenomenon6  in  our  —  40 

experiments,  as  verified  carefully  by  tj  20 

detailed  spectral  observations.  Note  that  jg  0 

even  at  the  highest  pump  power  level,  0  200 


there  is  no  sign  of  saturation  of  the  output 
power  from  this  fiber  laser,  and  the 
overall  pump-to-mid-IR  conversion 
efficiency  is  -20%  implying  promise  for 
a  relatively  efficient  laser  and  high  power 


Absorbed  795  nm  power  (mW) 

Figure  2.  2. 7  pm  laser  output  power  vs.  absorbed 
pump  power  for  Er:ZBLAN  double-clad  fiber  laser 


outputs  in  future  Optimized  designs.  .  ,  . ,  _  ri  _ 

One  obvious  improvement  in  the  overall  efficiency  can  be  obtained  with  the  use  of  longer 
fibers  (tens  of  meters)  to  more  com  pletely  absorb  the  pump  radiation,  thereby  increasing  a  an  p 
by  approximately  a  factor  of  5.  Furthermore,  we  anticipate  a  factor  of  two  improvement  m  % 
through  the  use  of  a  larger  diameter  aspheric  lens,  leading  to  an  overall  mcrease  m  the  pump 
utilization  parameter  p  by  a  factor  of  10  (up  to  -41%).  Finally,  the  diode  pump  power  can  easily 
be  increased  to  over  40  W  by  pollution  multiplexing  two  20  W  arrays.  As  such,  we  anticipate 
output  power  scaling  to  well  above  1  Watt  level  in  the  near  future. 
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Abstract 

We  have  performed  experiments  and  developed  a  model  to  determine  the  presence  of  clusters  in 
EnZBLAN  fibers  at  high  doping  densities,  as  well  as  studied  their  role  on  the  enhancement  of  efficiency 
of  2.7  pm  fiber  lasers.  Discussion  of  the  design  of  1  W  double-clad  2.7  pm  ErtZBLAN  fiber  lasers  will  be 

presented. 
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The  broadly  tunable'  2.7  pm  transition  in  Er:ZBLAN  appears  particularly  attractive  for  the  design  of 

compact,  high  power  CW  fiber  lasers2  of  excellent  beam  quality,  as  needed  for  applications  ranging  from 

endoscopic  laser  surgery3  to  countermeasures  and  spectroscopic  monitoring4.  As  is  well  known,  the 

longer  lifetime  of  the  lower  laser  level  (4I13/2,  9.4  ms)  compared  to  the  upper  laser  level  Chin,  7.5  ms)  of 

this  transition  poses  a  serious  bottleneck2-5.  Recently,  Poppe  et  al.2  have  demonstrated  alleviation  of  this 

bottleneck  and  strongly  enhanced  efficiencies  and  output  powers  by  a  simple  technique  viz.  the  use  of 

fibers  with  high  concentrations  (>10,000  ppm)  of  Er.  It  was  hypothesized  that  such  high  concentrations 

not  only  reduce  the  problem  of  ground  state  bleaching5,  but  also  invoke  several  cross-relaxation 

mechanisms  including  the  one  shown  in  Fig.  1.  On  the  contrary,  Bogdanov  et  al.6  have  observed 

significant  cross-relaxation  only  at  very  high  doping  densities 

1  a!  1 

i.e.,  150,000  ppm  in  bulk  Er.ZBLAN  glasses. 

This  paper  demonstrates  conclusively  that  in  contrast  to  bulk 
glasses,  strong  ion-ion  interaction  occurs  in  Er:ZBLAN  fibers 
even  at  doping  densities  as  low  as  10,000  ppm.  This  is  done  by 
experimental  and  theoretical  studies  of  saturation  of  absorption 
at  972  nm  as  a  function  of  doping  density,  as  well  as  by 
measurements  of  the  lifetimes  of  the  Iu/2  2nd  the  I13/2  levels 
as  a  function  of  doping  density.  Future  extension  of  these 

studies  will  help  elucidate  the  optimum  design  for  high  power  (~1  W)  2.7  pm  Er:ZBLAN  fiber  lasers. 


Erl  Er2 


Figure  1.  Energy  level  diagram  of  Er 
showing  energy  transfer  due  to  cross¬ 
relaxation  between  two  adjacent  ions 
originally  in  the  4lim  state  level 
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As  elucidated  by  Maurice  et  al.7  for  Er.silica  fibers,  the  onset  of  cluster  formation  is  evidenced  by  a  rapid 
increase  in  the  non-saturable  component  of  the  absorption  (NS A).  Such  increase  in  NSA  m  fluoride  fibers 
is  corroborated  by  a  modified  theoretical  model,  some  of  the  results  of  which  are  plotted  in  Fig.2  along 
with  our  absorption  data  for  fibers  with  1000  and  10,000  ppm  Er  doping  densities.  Note  that  the  model 


Figure  2.  A  plot  of  the  measured  and  calculated  values  of  the  absorption  at  972  nm  radiation  as  a 
function  of  launched  power  in  two  fibers  corresponding  to  significantly  different 
Er  concentrations  (1000 ppm  and  10,000 ppm) 

developed  here  uses  measured  values  of  lifetimes  and  branching  ratios8’*  as  well  as  known  cross¬ 
relaxation  rates6  and  uses  no  free  parameters  for  the  fits  other  than  an  assumption  of  the  fraction  of  ions 
that  are  in  clusters.  As  such,  the  excellent  agreement  between  the  model  and  the  data  gives  a  strong 
indication  of  the  percentage  of  ions  in  clusters.  The  presence  of  such  clusters  satisfactorily  explains  why 
fiber  lasers  based  on  fibers  with  average  doping  concentrations  much  lower  than  those  specified  by 
Bogdanov  et  al.6  apparently  show  high  efficiency  enhancements  due  to  cross-relaxation  processes.  Our 
measurements  of  lifetimes  of  the  and  the  4I13/2  levels  as  a  function  of  the  average  doping  densities  in 

these  fibers  showed  a  significant  decrease  in  the  lifetime  of  these  levels  at  concentrations  approaching 
10,000  ppm  indicating  a  more  rapid  onset  of  cross-relaxation  than  that  expected  from  the  data  of 


Bogdanov  et  al.6,  consistent  with  the  above  clustering  model. 
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Work  is  still  in  progress  to  further  refine  this  model  to  precisely  calculate  the  populations  of  the  upper  and 
lower  laser  levels  and  the  small  signal  and  saturated  gains  for  such  ErZBLAN  fibers  with  high  doping 
densities  (based  on  clustering  levels  predicted  by  fits  similar  to  Fig.  2).  Preliminary  designs  of  double 
clad  fiber  lasers  targeted  to  producing  1  W  CW  mid-lR  output  powere  with  the  use  of  high  power  (20  W) 
diode  arrays  are  currently  in  place,  and  such  demonstrations  are  awaiting  the  production  of  custom  fibers. 
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CTuE5  Fig.  3.  A  typical  Q-switch  pulse  train 
as  measured  at  an  operating  temperature  of  17°C. 


pump  power  over  the  stable  operating  regimes 
for  two  gallium  temperatures;  the  pulse  peak 
power  is  seen  to  increase  as  we  move  away 
from  the  gallium  melting  point  thereby  com¬ 
pensating  for  the  decreasing  nonlinearity  of 
the  mirror.  Note,  that  Q-switching  was  not 
observed  with  a  molten  gallium  mirror,  or  any 
other  conventional  reflector  inserted  within 
the  cavity  further  confirming  LGN  as  the 
Q-switching  mechanism. 

We  believe  these  results  represent  a  first 
demonstration  of  the  application  of  LGN  mir¬ 
rors  to  laser  systems  illustrating  their  compat¬ 
ibility  with  waveguide  devices.  We  anticipate 
that  significant  improvements  in  mirror  de¬ 
sign  and  laser  performance  will  follow  making 
use  of  the  unique  features  of  this  manifestly 
nonlinear  medium. 
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Distributed  feedback  (DFB)  lasers  are  complex 
structures  and  the  understanding  of  how  they 
operate  depends  much  on  simulations.  Mea¬ 
surements  of  intensity  distributions  in  laser 
cavities  can  provide  information  about  grating 
strength,  grating  uniformity  as  well  as  the  or¬ 
der  of  the  operating  longitudinal  mode.  Theo¬ 
retical  models  can  also  be  confirmed.  Intensity 
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CTuE6  Fig.  I.  Dots  and  triangles:  Heat- 
induced  wavelength  shifts  measured  for  two  40- 
mm  DFBs  with  the  Bragg  phase  shift  at  the  center 
and  at  -5  mm,  respectively.  Lines:  Theoretical 
fits  to  measurements. 
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CTuE6  Fig.  2.  Dots:  Heat-induced  wave¬ 
length  shifts  measured  for  a  60-mm  DFB.  Lines: 
Theoretical  phase-shift  sensitivities  for  the  first- 
and  second-higher  order  longitudinal  modes  of  a 
uniform  DFB  structure. 


measurements  by  scanning  the  side-emission 
from  a  980-pumped  DFB  Er-fiber  laser  have 
been  demonstrated  previously.1  In  this  paper 
we  demonstrate  an  alternative  simple  method 
that  can  be  used  also  with  1480-pumping.  The 
technique  is  applied  to  characterize  symmetric 
and  asymmetric  DFB  lasers  for  the  first  time  to 
our  knowledge. 

Simulations  made  of  various  nonuniform 
DFB  structures  show  that  a  phase  perturbation 
added  to  the  laser  structure  will  result  in  laser 
wavelength  shift  AX.  that  is  proportional  to  the 
geometrical  mean  /(J,J/)  of  the  right  [Jr]  and 
left  [JJ  traveling  intensities  at  the  pertuibation 
point  Laser  intensity  distributions  can  there¬ 
fore  be  determined  by  scanning  a  phase  pertur¬ 
bation  along  the  cavity  and  measuring  the  re¬ 
sulting  wavelength  shift. 

In  our  experiment  the  radiation  from  a 
halogen  lamp  was  focused  onto  a  small  spot  on 
a  DFB  fiber  laser,  causing  a  heat-induced  phase 
shift.  The  resulting  wavelength  shift  was  read 
out  using  a  scanning  Fabry-Perot  interferom¬ 
eter.  Er/Yb  fiber2  was  used  for  the  lasers,  which 
were  operating  in  the  1550-band  and  pumped 
with  100  mW  at  1480  nm  from  one  end. 

Figure  1  shows  results  for  one  symmetric 
and  one  asymmetric  40-mm  DFB  laser,  both 
lasing  in  their  fundamental  longitudinal 
modes.  In  the  asymmetric  device  the  Bragg 
phase  shift  was  offset  by  -5  mm  from  the 
center.  The  total  output  powers  from  the  sym¬ 
metric  and  asymmetric  devices  were  470  pW 
and  30  fxW,  respectively,  with  left  to  right  out¬ 
put  power  ratios  of  1:1  and  600:1  (±10%).  The 


low  output  from  the  asymmetric  device  can  be 
attributed  to  a  nonoptimimum  total  grating 
strength3  and  should  be  straightforward  to  im¬ 
prove. 

It  is  known  that  the  fundamental  mode  in¬ 
tensity  in  a  DFB  laser  will  have  a  maximum  at 
the  phase-shift  position.  Further,  it  can  be 
shown  that  the  slopes  of  the  measured  sensitiv¬ 
ity  curves  [Slog(AX)/Sz]  are  proportional  to 
the  grating  strength  k.  TTierefore,  both  phase- 
shift  positions  and  grating  strength  can  be  de¬ 
termined  from  the  measurements  in  Fig.  1. 

The  solid  lines  in  Fig.  1  show  theoretical 
values  for  the  wavelength  shift  [AX  =  5X7b4>  • 
A<J>]  caused  by  a  locally-induced  phase  shift  of 
A<|)  =  0.53  rad  in  the  symmetric  and  asymmet¬ 
ric  geometries,  assuming  uniform  DFBs  with  k 
*  230  m“\  The  deviations  between  the  mea¬ 
sured  and  calculated  sensitivities  at  the  phase- 
shift  positions  can  be  attributed  to  the  2-mm- 
size  of  the  heating  spot  used. 

Figure  2  shows  the  measured  heating  re¬ 
sponse  for  a  I  =  60  mm  DFB.  The  dip  at  the 
center  indicates  that  the  laser  is  not  operating  in 
its  fundamental  mode.  This  may  be  due  to  phase 
errors  in  the  grating  period,  combined  with  a 
relatively  high  kL  value  of  about  14.  For  compari¬ 
son,  simulated  sensitivities  for  the  first  two 
higher-order  modes  of  a  uniform  DFB  structure, 
assuming  k  =  230  m~*  and  A<f>  =  028  rad,  are 
also  shown.  The  first-  and  second-order  modes 
can  be  qualitatively  distinguished  by  the  absence 
and  presence,  respectively,  of  a  local  intensity 
maximum  at  the  phase-shift  position.  The  char¬ 
acterized  laser  is  therefore  shown  to  operate  in  its 
first-order  longitudinal  mode. 

In  conclusion  we  have  presented  a  simple 
technique  for  measurement  of  power  distribu¬ 
tions  along  phase-shifted  DFB  lasers.  This  is 
used  to  locate  the  position  of  the  built-in  phase 
shift  and  to  determine  the  grating  strength 
(Fig.  1),  as  well  as  to  determine  the  order  of  the 
operating  longitudinal  mode  (Figs.  1  and  2). 
We  have  also  demonstrated,  for  the  first  time 
to  our  knowledge,  directional  fiber  laser  out¬ 
put  by  use  of  a  true  asymmetric  phase-shifted 
DFB  structure.4 
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theNTNU  university  in  Norway.  He  is  employed 
and  sponsored  by  Optoplan  AS,  Norway. 
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980-nm  diode-pumped  power-scalable 
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laser 

Erik  Poppe,  Balaji  Srinivasan,*  Ravi  Jain,* 
Department  of  Physical  Electronics,  Norwegian 
University  of  Science  of  Technology , 

Trondheim,  Norway 

Compact  and  tunable,  high-efficiency  mid- 
infrared  lasers  are  needed  for  numerous  appli- 
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Fig.  1.  Schematic  of  a  tunable,  diode- 
i  EnZBLAN  mid-IR  fiber  laser. 


I  including  (1)  field-usable  spectro- 
sensors  for  environmental  and 
il-process  monitoring  and  (2)  master 
rs  in  airborne  or  spacebome  high- 
nid-ER  MOPAs  for  various  counter- 
applications.  Lead-salt  diode  lasers 
ed  by  the  need  for  cryogenic  cooling, 
er,  and  spatial,  temporal,  and  spectral 
ties.  Sb-based  and  quantum  cascade 
sen  seem  to  be  more  promising,  but 
rd  stable  cw  mid-IR  outputs  have  not 
achieved  with  these  devices  at  room 
iture.  On  the  other  hand,  diode- 
gpped  fiber  lasers  are  an  attractive  alterna¬ 
nt  technology,  delivering  stable  diffraction- 
Uted  cw  room-temperature  mid-IR 
Pssion,  at  least  in  limited  wavelength 
■ges1*3  (such  as  in  bands  around  2.7  p.m  and 
fcjim).  Figure  1  shows  a  vision  for  future 
Impact  field-usable  tunable  mid-IR  fiber  la- 
E»  suitable  for  the  above-stated  applications, 
tan  this  talk,  we  describe  a  relatively  efficient 
tWer-scalable  mid-IR  (2.7  pm)  Er^iZBLAN 
(*r  laser  pumped  by  readily  available  980-nm 
Ikct  diodes.  The  —10  mW  cw  power  levels 
onstrated  here  are  significantly  higher 
jn  those  reported  previously  from  any  Er3* : 
JLAN  diode-pumped  mid-IR  fiber  laser, 
jwumably  because  the  high  erbium  concen- 
Ijtions  (10,000  ppm)  used  enable  rapid  deple¬ 
tion  of  the  lower  laser  level  through  cross- 
tion  processes. 

In  our  experiments,  we  used  a  nearly- 
!e-transverse-mode,  1-W  980-nm  tapered 
/lifter  diode  laser5  as  the  pump  source, 
f:h  was  coupled  by  a  free-space  lens  into  the 
JLAN  fiber.  The  fiber  was  double-dad, 

,  a  core  diameter  of  6  p.m,  a  length  of  5.5  m, 
Er3+  concentration  of  10,000  ppm  (in  the 
e),  and  an  inner  dadding  diameter  of  125 
The  choice  of  a  double-clad  fiber  was 
ted  by  our  plans  for  power  scaling  of  the 
puts  of  such  a  fiber  laser  with  use  of  high¬ 
er  diode  lasers.  At  the  input  end  an  HR 
nor  was  butt-coupled  to  the  fiber  while  the 
ved  distal  end  was  used  as  a  96%  output 
upler.  Figure  2  shows  the  2.7-p.m  output 
wer  as  a  function  of  launched  pump  power, 
c  low  lasing  threshold  of  30  mW  for  a  96% 
tput  coupler,  and  the  fact  that  no  saturation 
the  output  power  is  observed  even  at  the 
lighest  pump  powers  used  indicates  that  this 
can  be  further  optimized  to  yield  much 
er  output  powers. 

Our  choice  of  a  980-nm  pump  wavelength 
r  this  work  (instead  of  the  more  effident 
1-nm  pumps  traditionally  used1*3)  was  die¬ 
ted  by  the  ready  availability  of  multiwatt 
>wer  level  980-nm  diode  lasers  (due  to  the 
latively  large  market  need  for  1.55-p.m 
EDFA  pumps).  A  principal  reason  why 
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CTuE7  Fig.  3.  Relaxation  oscillation  fre¬ 
quency  versus  launched  pump  power. 


980-nm  pumps  are  less  effident  for  pumping 
of  the  2.7-p.m  transition  in  erbium  is  the  lack 
of  an  appropriate  980-nm  ESA  process  (as  oc¬ 
curs  with  the  79 1  -nm  pump)  to  depopulate  the 
lower  laser  level  (4I13/2),  whose  lifetime  (9.4 
ms)  is  longer  than  that  (7.5  ms)  of  the  upper 
laser  level  (4In/2)-  As  such,  the  2.7-pm  Er: 
ZBLAN  laser  transition  is  expected  (at  first 
glance)  to  be  self-terminating  with  the  use  of  a 
980-nm  p^mp.  The  data  presented  here  dearly 
demonstrates  the  possibility  of  relatively  effi¬ 
dent  cW operation,  partly  consistent  with  the 
theory  of  Quimby  et  aL,5  and  partly  because  of 
the  onset  of  a  cross-relaxation  mechanism  that 
depletes xlie  lower  laser  level  (4I13/2)  in  one  ion 
while  ripconverting  the  other  ion  to  the  4In/2 
state6;  thi{  high  cross-relaxation  rate  is  possible 
due  to  the  high  erbium  concentrations  ( 1 0,000 
ppm)  used,  and  is  being  investigated  in  further 
detail.  Nevertheless,  the  lack  of  saturation  at 
the  highest  pump  power  levels  used  is  particu¬ 
larly  interesting,  and  bodes  good  promise  for 
future  power  scaling  experiments. 

Work  is  currently  in  progress  to  demon¬ 
strate  tuning  of  the  output  of  such  a  laser  with 
the  use  of  a  PZT-tuned  fiber  Bragg  grating 
reflector  similar  to  that  shown  in  Fig  1.  In  our 
talk,  we  will  also  describe  several  other  obser¬ 
vations,  including  a  natural  tendency  of  the 
untuned  laser  to  shift  to  longer  wavelengths 
with  increased  pump  power,  and  the  onset  of 
relaxation  oscillations  at  frequendes  varying 
from  5  kHz  to  20  kHz  (see  Fig.  3),  when 
pumped  with  a  chopped  pump  (at  100  Hz). 
Issues  related  to  power  scaling  of  such  double- 
dad  fiber  lasers  with  the  use  of  high-power 
multimode  diode  pumps  will  also  be  dis¬ 
cussed. 

*  Center  for  High  Technology  Materials,  Univer¬ 
sity  of  New  Mexico >,  Albuquerque,  New  Mexico 
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Free  atoms  exposed  to  an  intense  laser  field 
(1014-1015  W/an2)  were  shown  to  emit  high 
harmonics  of  the  inddent  radiation  several 
years  ago.  The  origin  of  this  coherent  XUV 
radiation  is  an  electron  that  is  first  freed  by 
means  of  tunneling  ionization,  subsequently 
accelerated  by  the  strong  laser  field,  and  even¬ 
tually  brought  back  by  the  same  field  to  its 
parent  ion  some  half  a  cyde  later.  Recombina¬ 
tion  of  the  energetic  electron  with  the  ion  re¬ 
sults  in  the  emission  of  short-wavdength  ra¬ 
diation.  The  process  is  repeated  over  many 
cydes,  giving  rise  to  a  discrete  harmonic  spec¬ 
trum.  Depletion  of  the  ground  state  during 
irradiation  by  a  femtosecond  pulse  comprising 
many  optical  cydes  sets  a  limit  to  the  highest 
harmonic  photon  energies  achievable  at  a 
given  pulse  duration. 

Recently  0.1-TW,  5-fs  pulses  at  a  repetition 
rate  of  1  kHz  became  available  in  the  near 
infrared.  Owing  to  the  extremely  short  pulse 
duration,  ion^  ation  is  virtually  confined  to 
merdy  one  ogjlcal  cyde.  As  a  result,  harmon¬ 
ics  at  significan  tly  shorter  wavdengths  can  be 
expected^pjecpat  experimental  and  theoretical 
research  suggest  that  the  high-power  5-fe 
pulses  reported  above  should  allow  the  genera¬ 
tion  of  (spatially)  coherent  soft  x-rays  in  the 
water  window  (2.3-4.4  nm),  i.e.,  between  the 
oxygen  and  carbon  K  edges,  in  a  spectral  range, 
which  is  extremdy  important  for  the  study  of 
microscopic  biological  structures.1’2  Our  ex¬ 
periments  have  verified  these  expectations. 
Short  wavelength  radiation  is  emitted  (in  a 
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High  Power  Continuous  Wave  Mid-Infrared  Fiber  Lasers 
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Because  of  the  strong  water  absorption  near  3  pm  in  tissue  and  the  consequent  ultrashort 
penetration  depths  (of  a  few  microns),  compact  high  power  (100  mW  to  1  W)  2.7  pm  laser 
sources  with  TEMoo  beam  quality1  have  several  important  applications  in  ultrafine  intra-ocular 
and  endoscopic  laser  surgery  including  transmyocardial  revascularization  and  other  intra-arterial 
procedures2.  In  such  applications,  laser  energy  absorbed  by  the  target  tissue  is  capable  of  its 
coagulation  or  precise  ablation  with  minimal  damage  to  the  remaining  tissue.  Other  applications 
that  could  benefit  from  compact  and  efficient  sources  of  mid-IR  radiation  include  infrared 
countermeasures  and  spectroscopic  monitoring  . 

The  2.7  pm  transition  in  Er:ZBLAN  is  well-suited  for  many  of  the  above  applications. 
However,  as  is  well  known,  the  longer  lifetime  of  the  lower  laser  level  (4Ii3/2>  9-4  ms)  compared 
to  the  upper  laser  level  (4In/2,  7.5  ms)  of  the  2.7  pm  transition  poses  a  serious  bottleneck  ’ , 
which  in  the  past  has  been  alleviated  by  complex  mechanisms  such  as:  (1)  selective  depletion  of 
the  lower  laser  level  via  excited  state  absorption  (ESA)5’6,  (2)  excitation  transfer  of  die  energy 
from  the  4In/2  lower  laser  level  to  an  appropriate  acceptor  state  (e.g.  the  F3  level  in  Pr  ),  and  (3) 
cascade  lasing8.  Recently,  we  have  demonstrated  alleviation  of  this  bottleneck  and  strongly 
enhanced  efficiencies  and  output  powers  by  a  simpler  alternative  technique,  namely  the  use  of 
fibers  with  high  concentrations  (>10,000  ppm)  of  Er1.  It  was  hypothesized  that  such  high 
concentrations  not  only  reduce  the  problem  of  ground  state  bleaching  ,  but  also  invoke  a  cross¬ 
relaxation  mechanism  (Fig.  1),  namely  the  “Wu” 
process4,  which  relaxes  the  excitation  from  the 
lower  laser  level  (4Ii3/2)  to  the  ground  state  (  I15/2) 
while  upconverting  an  adjacent  ion  to  the  I9/2  state. 

With  regards  to  the  role  of  the  above- 
mentioned  cross-relaxation  mechanism,  a  contrary 
piece  of  evidence  has  been  reported  for  Er:ZBLAN 
bulk  glasses  by  Bogdanov  et  al.9,  in  which 
significant  cross-relaxation  was  observed  only  at 
very  high  doping  densities  i.e.,  150,000  ppm.  Since 
the  optical  properties  of  highly  doped  fibers  can  be 
different  from  those  of  apparently  similar  glasses, 
due  to  defects  induced  during  the  fiber  drawing 
process10,  in  part  due  to  the  onset  of  a  “clustering” 
phenomenon,  as  has  been  observed  frequently  in 

silica  fibers11,12,  it  is  important  to  investigate  the 
presence  of  clusters  in  highly-doped  Er:ZBLAN 
fibers  as  a  function  of  doping  concentration.  In  this 
paper,  we  describe  our  results  on  such  studies, 

notably  our  measurements  on  the  saturation  of  the  4 

ground  state  absorption  at  972  ran  and  on  fluorescence  lifetimes  of  the  I11/2  and  the  I13/2  energy 
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Figure  1.  Energy  level  diagram  of  Er 
showing  energy  transfer  due  to  cross¬ 
relaxation  between  two  adjacent  ions 
that  are  both  initially  in  4 Inn  state 


levels  as  a  function  of  concentration.  These  studies  demonstrate  that  unlike  the >  case  for  low 
doping  densities  (1000  ppm),  at  high  doping  densities  (10,000  ppm)  the  ground  state  ( I15/2) 
replenished  rapidly,  premmably  by  a  cross-re, axafion  process >  whose 

explainable  only  by  the  presence  of  clusters  m  these  highly  doped  EnZBLAN  fibers.  We  also 
describe  our  recent  2.7  pm  fiber  laser  results,  including  those  from  980  nm  and  790  nm  diode- 
mimped  2.7  urn  fiber  lasers  which  use  Er:ZBLAN  fibers  with  high  (10,000  ppm)  dopmg 
densities  We  have  been  able  to  demonstrate  improved  efficiencies  and  output  powers  from  such 
lasers  presumably  due  to  the  presence  of  clusters  in  such  fibers  invoking  the  cross-relaxation 
"ho™  in  Fig.  1.  Future  extension  of  these  studies  will  help  elucidate  the  optrmum  destgn 
for  high  power  (~1  W)  diode  pumped  CW  mid-IR  (2.7  pm)  EnZBLAN  fiber  lasers. 

As  stated  briefly  above,  at  low  Er  doping  densities,  the  presence  of  the  population 
bottleneck  at  is  evident  by  the  depletion  of  the  ground  state  population,  which  leads  to 
satoatkm  of  absorption  at  several  transitions  (from  the  ground  state)  However  at  high* 
doping  densities,  the  cross-relaxation  process  discussed  above  (see  Fig.  1)  can  cause  depletion  of 
the^lL  population,  thereby  reducing  this  saturation  of  absorption.  In  particular,  as  eluodat  y 
Maurice  et  aln  for  Ersilica  fibers,  the  onset  of  cluster  formation  can  cause  311  eve* 
increase  in  the  non-saturable  component  of  the  absorption.  This  is  because  when  a  toge  nraito 
of  ions  (n)  are  in  the  state  and  are  adjacent  to  each  other  in  a  cluster,  all  (but  one)  are 
excited  to  the  4Ii5/2  ground  state  by  n/2  cross-relaxations;  this  enhanced  de-excitation  inhibits  the 
saturation  of  absorption  that  is  observed  at  low  doping  densities.  Although  the  situation  is  a  little 
different  in  ErZBLAN  fluoride  fibers  because  of  the  longer  lifetimes  of  several  of  the  exci 
“d  ™cn,  increased  importance  of  excited  state  absorption  as  weU  as  of  mutate 
cross-relaxation  processes,  the  dominance  of  the  cross-relaxauon  process  of  Ftg.  1  ,s  shll 
expected  to  be  evidenced  by  a  strong  increase  in  the  non-saturable  absorption  (NS A). 

We  have  performed  a  detailed  experimental  and  theoretical  study  on  the  dependence  of 
the  saturation  of  the  absorption  at  the  \sn-\m  transition  of  Erbium  in  single  mode  fluoride 
fibers  with  varying  concentrations  of  Er.  In  onr  experiments  the  saturation  of  abmrpuon  was 
measured  witha  ThSapphire  laser  tuned  to  972  nm  (peak  wavelengtti  of  absotpnmi  for  toe  Itsnr 
4I„»  transition)  One  of  the  EnZBLAN  fibers  used  had  a  nominal  doping  density  of  1,000  ppm 
doping  concentration,  while  the  other  doping  density  was  10,000  Ppm.The  length  of  toe  two 
fiberswere  chosen  to  be  67  ems  and  6.7  ems  respectively.  The  unabsorbed  power  (Pou,)coming 
out  of  the  fiber  was  measured  with  a  Si  detector.  The  launch  efficiency  for  the  two  fibers  was 
determined  to  be  46%  and  53%  respectively  by  detuning  the  T.Sapphire  laser  to  an  off-resonance 
wavelength.  The  absorption  (a)  of  the  EnZBLAN  fiber  is  given  by 


a  = lOlog 


>10 


'launch 


1  out 


dB 


where  P,0Unch  is  the  972  nm  power  launched  into  these  single  mode  fibers 

figure  2  below  shows  the  absorption  curves  for  the  1,000  ppm  and  10,000  ppm  Er-doped 
fibers  as  a  function  of  the  launched  972  nm  power.  It  should  be  noted  that  the  absorptioncurves 
are  relatively  flat  for  launched  powers  >20  mW  and  that  the  data  points  shown  represent  an  emr 
bar  of  approximately  0.4  dB.  The  extremely  low  levels  of  saturable  absorption  (larger  NSA) 
observed  for  the  10,000  ppm  fiber  implies  that  a  significantly  large  proportion  of  ions  are  presen 


in  clusters  at  high  doping  concentrations.  We  will  also  present  results  of  a  theoretical  model  for 
NSA  based  on  fast  cross-relaxation  in  clusters.  Fitting  the  data  to  NSA  predictions  from  this 


function  of  the  launched  power  in  two  fibers  corresponding  to  significantly  different  Er 


concentrations  (1000 ppm  and  10,000 ppm) 


model  were  used  to  estimate  the  percentage  of  ions  present  in  the  form  of  clusters.  It  was  found 
that  approximately  50%  of  the  ions  in  the  10,000  ppm  fiber  are  in  clusters  (in  which  they 
“behave”  like  they  are  in  a  “local”  environment  with  doping  densities  that  exceed  400,000 
ppm!). 


Since  the  high  levels  of  NSA  observed  here  in  highly-doped  fibers  (Fig.  2)  are  indicative 
of  a  strong  increase  in  the  Wn  cross-relaxation  process  shown  in  Fig.  1,  a  corroborative  evidence 
for  such  increase  in  the  cross-relaxation  rate  can  be  obtained  via  studying  fluorescence  lifetime 
quenching  of  the  4In/2  energy  level  due  to  this  cross-relaxation  process.  Simultaneous  quenching 
also  occurs  for  the  4In/2  energy  level  due  to  another  cross-relaxation  process4,  namely  W22,  that 
upconverts  one  of  the  Er  ions  to  the  4F7/2  energy  level.  In  order  to  verify  the  role  of  these  cross¬ 
relaxation  processes  more  directly,  we  measured  the  fluorescence  lifetime  for  the  4Ib/2  and  the 
4In/2  energy  levels  as  a  function  of  the  Er  doping  concentration.  The  Ti:Sapphire  laser  was  tuned 
to  980  nm  or  800  nm  to  measure  the  1.55  pm  fluorescence  (from  4Ii3/2)  or  the  0.98  pm 
fluorescence  (from  4In/2)  respectively.  Although  the  fluorescence  decay  curves  were  observed  to 


be  multi-exponential,  they  were  approximated 
as  single  exponential  decays  for  simplicity. 

Figure  3  shows  the  results  of  the 
fluorescence  lifetime  measurements  for  the 
4Ii3/2  and  the  \\a  energy  levels  as  a  function 
of  the  Er  concentration.  The  lifetimes  for  the 
two  levels  did  not  change  significantly  for  the 
1,000  ppm  and  5,000  ppm  doping  (9.6  ms  and 
7.4  ms  respectively),  but  they  decreased  to  8 
ms  and  6.8  ms  respectively  at  10,000  ppm  Er 
concentration.  This  behavior  clearly  illustrates 
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Figure  3.  Fluorescence  lifetime  measurements 
showing  quenching  at  high  Er-doping  densities 


lifetime  quenching  beyond  the  5,000  ppm  Er  concentration  due  to  the  onset  of  cross-relaxation 
processes.  A  key  factor  in  favor  of  the  laser  performance  is  that  the  lifetime  quenching  of  the 
lower  laser  level  (4Ii3/2)  is  higher  than  that  of  the  upper  laser  level  (4In/2),  which  permits 
alleviation  of  the  population  bottleneck  problem  mentioned  above. 

The  observations  of  NSA  and  lifetime  quenching  imply  the  usefulness  of  high  Er 
concentrations  for  2.7  pm  Er:ZBLAN  fiber  lasers  not  only  because  of  the  alleviation  of  the 
population  bottleneck  in  the  \zri  level,  but  also  because  of  the  availability  of  a  higher  number  of 
Er  ions.  These  high  doping  densities  also  enable  exploitation  of  double-clad  fiber  geometries, 
capable  of  being  pumped  by  relatively  inexpensive  high  power  diode  arrays,  while  keeping 
optimal  fiber  lengths  relatively  short,  i.e.  on  the  order  of  ten  meters. 

In  initial  experiments,  we  used  a  nearly  single  transverse  mode,  1  Watt  980  nm  tapered 
amplifier  diode  laser13  as  the  pump  source,  which  was  coupled  by  a  free  space  lens  into  a  double- 
clad  Fr-7.RT  .AN  fiber.  Our  choice  of  a  980  nm  pump  wavelength  for  this  work  (instead  of  the 
more  efficient  790-800  nm  pumps  traditionally  used4,8)  was  dictated  by  the  ready  commercial 
availability  of  multi-Watt  power  level  980  nm  diode  lasers  (due  to  the  relatively  large  market 
need  for  1.55  pm  EDFA  pumps).  The  double-clad  fiber  had  a  core  diameter  of  6  pm  with  an  NA 
of  0.15,  a  length  of  5.5  m,  an  Er3+  concentration  of  10,000  ppm  (in  the  core),  and  an  inner 
cladding  diameter  of  125  pm.  The  pump  radiation  was  coupled  to  the  fiber  through  a  20x 
microscope  objective,  with  a  coupling  efficiency  to  the  core  of  approximately  50%.  An 
additional  35%  of  pump  light  was  coupled  to  the  inner  cladding  although  this  latter  portion 
experiences  a  significantly  lower  effective 
absoiption  coefficient  during  its  transit  through  the 
5.5  m  long  fiber.  The  net  absorption  coefficient  is 
estimated  as  60%.  The  choice  of  a  double-clad  fiber 
was  dictated  in  part  by  improved  utilization  of  the 
pump  light  with  980  nm  diode  pumping,  and  in  part 
by  our  plans  to  demonstrate  power  scaling  of  the 
outputs  of  such  fiber  lasers  with  use  of  high  power 
diode  lasers  (as  elaborated  below).  At  the  input  end 
an  HR  mirror  was  butt-coupled  to  the  fiber  while 
the  cleaved  distal  end  was  used  as  a  96%  output 
coupler.  Figure  4  shows  the  2.7  pm  output  power  as 
a  ftmction  of  launched  pump  power.  The  low  lasing 
threshold  of  30  mW  for  a  96%  output  coupler,  and 
the  fact  that  no  saturation  of  the  output  power  is 
observed  even  at  the  highest  pump  powers  used, 
indicates  that  this  laser  can  be  further  optimized  to  yield  much  higher  output  power. 

In  more  recent  work,  we  have  used  a  high  power  diode  array  (OptoPower)  operating  at 
795  nm  with  the  same  double-clad  Er  fiber,  as  depicted  schematically  in  Fig.  5.  The  diode  array 
output  was  conditioned  with  beam-shaping  lenses  to  yield  an  8  mm  x  8  mm  beam  of  5  mrad 
divergence.  A  multimode  silica  fiber  (250  pm  core  diameter)  was  used  to  further  condition  the 
spatial  profile  of  the  pump  beam  so  as  to  improve  its  coupling  efficiency  to  the  double-clad 
Er:ZBLAN  fiber  while  inhibiting  the  possibility  of  damaging  its  ends. 


Figure  4.  Mid-IR  laser  power  vs.  launched 
980  nm  pump  power  for  Er:ZBLAN fiber 
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LP:  aspheric  lens  pair,  f=12  mm;  FL:  aspheric  focusing  lens,  f=6  mm 
Figure  5.  Schematic  of  multimode  diode  array-pumped  mid-IR  fiber  laser 

In  preliminary  experiments  using  the  above  setup,  we  have  been  able  to  obtain  lasing 
with  just  the  4%  Fresnel  reflections  from  the  fiber  ends  at  threshold  absorbed  pump  power  levels 
of  100  mW  (which  implies  at  least  a  28  dB  round-trip  gain  in  this  fiber  at  the  100  mW  pump- 
power  levels).  In  this  preliminary  non-optimized  setup,  over  100  mW  of  CW  2.7  pm  output  has 
already  been  observed.  Efforts  are  currently  underway  to  demonstrate  1  Watt  power  levels  from 
our  double-clad  fiber  laser. 

In  summary,  we  have  demonstrated  the  usefulness  of  high  concentration  Er  fluoride 
fibers  for  high  efficiency,  high  power  2.7  pm  lasers.  This  is  assisted  by  the  onset  of  rapid  cross¬ 
relaxation  processes  which  remove  the  traditional  “population  bottleneck”  in  the  lower  laser 
level,  evidence  for  which  is  presented  here  by  data  and  models  on  the  saturation  of  absorption 
and  studies  of  lifetime  quenching  as  a  function  of  Er  concentration.  Design  of  high  power  fiber 
lasers  based  on  double-clad  fibers  and  diode  array  pumps  will  be  presented,  along  with  our 
preliminary  results  from  such  sources,  targeted  to  a  goal  of  producing  >1  Watt  CW  2.7  pm  single 
mode  fiber  lasers  in  the  very  near  future. 
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Abstract 

We  report  high  power  (~140  mW)  CW  2.7  pm  operation  from  a  simple,  mirror-free 
double-clad  Er:ZBLAN  fiber  laser  which  uses  a  commercial  795  nm  diode  array  as  the  pump 
source.  With  improvements  in  diode-to-fiber  coupling  efficiencies,  and  with  the  use  of  longer 
fibers,  we  anticipate  power  scaling  to  levels  of  over  1  Watt. 
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Cr.LiSAF  system6  requiring  8  diodes  at 
670  nm.  The  oscillator  provided  pulses  as 
short  as  25  fs  with  an  average  power  output 
as  high  as  58  mW.  The  tunability  was  similar 
to  that  of  the  Cr:LiSAF  system  of  Ref.  6.  The 
amplifier  delivered  up  to  1  \i]  pulses  at  a 
repetition  rate  of  5  kHz  with  compressed 
pulse  durations  ranging  from  200  fs  to  45  ps, 
uncompressed. 

The  Argon  ion  pumped  system  and  the 
diode-pumped  CnLiSGAF  system  were  both 
used  to  demonstrate  the  sub-pj  threshold  en¬ 
ergy  required  for  ablation  in  glass  and  to  inves¬ 
tigate  the  relative  performance  of  picosecond 
and  femtosecond  pulses  (Fig.  2).  A  study  of  the 
difference  in  ablation  features  in  metals  with 
respect  to  pulse  duration  is  underway.  The 
system  has  also  been  investigated  as  a  tool  for 
the  restoration  of  antique  paintings  and  we  are 
currently  investigating  its  application  to  the 
ablation  of  biological  tissue. 
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laser  for  water  vapor  differential 
absorption  Ildar 

Viktor  Fromzd,  Coorg  R.  Prasad, 

Christyl  Johnson,*  Norman  P.  Barnes,” 

Gerald  H.  Kim,**  Roy  D.  Mead,**  Science 
and  Engineering  Services ,  Inc. ,  BurtonsviUe, 
Maryland  20866  USA;  E-mail  sesi@sesi- 
md.com 

The  near-IR  absorption  bands  in  the  810- 
830  nm  and  930-950  nm  range  are  well  suited 
for  remote  measurements  of  water  vapor  with 
differential  absorption  lidar.  Diode-pumped 
CnLiSAF  laser  which  can  be  tuned  over  these 
bands  has  a  great  potential  as  a  compact  and 
efficient,  narrow  linewidth  source  for  atmo¬ 
spheric  water  vapor  DIAL.  Here  we  present  the 
gain,  wavelength  tuning  and  output  character¬ 
istics  of  a  high  energy  CnLiSAF  laser  that  is 
being  developed  for  use  in  an  airborne  water 
vapor  DIAL  system.  The  laser  gain  module 
consists  of  a  5.5%  doped  6  X  6  X  25  mm 
Cr3+:LiSAF  slab  pumped  from  two  sides  by 
eight  690  nm  diode  stacks.  For  obtaining  high 
extraction  efficiency  and  good  laser  beam 
quality  a  total  internal  reflection  approach  is 
used.  Figure  1  shows  the  120  cm  long  standing 
wave  laser  resonator  consisting  of  a  high  reflec¬ 
tive  (HR)  2  m  RoC  concave  mirror,  two  45°  HR 
flat  mirrors  and  a  flat  output  coupler  (R  =  60 
to  75%).  A  three-plate  birefringent  tuner 
(BRT)  and  an  acousto- optic  Q -switch  were  in¬ 
serted  in  the  cavity  for  tuning  and  line  narrow¬ 
ing,  and  providing  Q-switched  operation. 

The  small  signal  gains  of  the  laser  Gp  and  Gs 
for  p-  and  5-polarization  were  measured  as  a 
function  of  the  probe  wavelength:  The  maxi¬ 
mum  value  of  Gp  is  about  0.79  at  825  nm  for 
340  mj  pump  energy,  and  about  0.74  at  X  - 
834  nm,  and  0.71  at  X  —  816  nm.  Figure  2 
shows  the  tuning  curve  for  the  laser  in  long 
pulse  operation.  It  is  seen  that  the  reduction  in 
performance  at  the  shorter  wavelength  is  more 
rapid  than  expected  from ,  stuill  signal  gain 
(Fig.  1).  The  most  likely  reason  of  such  quick 
reduction  in  the  laser  performance  is  the  in¬ 
creased  loss  due  to  self  absorption  in  CnLiSAF 
at  shorter  wavelengths.  Figure  3  shows  the 
Q-switched  performance  of  the  laser.  When 
the  line  width  of  the  laser  is  reduced  from  AX 
=  13  nm  to  0.14  nm  by  the  BRT,  the  output 
energy  reduces  from  about  41  mj  to  34  mj/ 
pulse  (nearly  20%  reduction)  for  the  same 
pump  energy  (340  mj).  This  can  be  assigned  to 
inhomogeneous  emission  line  broadening  that 
prevents  the  full  extraction  of  the  output  in  a 


GThT5  Fig.  1.  Schematic  of  the  standing 
wave  resonator  layout  for  the  diode-pumped  Cn 
USAF  Q-switched  laser  with  total  internal  reflec¬ 
tion  configuration.  The  BRT  (birefringent  tuner) 
is  for  wavelength  tuning. 


CThT5  Fig.  2.  Tuning  curve  for  the  diode- 
pumped  CnLiSAF  laser.  Pump  energy  =  280  mj. 
Output  coupler  mirror  R  =  70%. 


CThT5  Fig.  3.  Q-switched  performance  of 
the  diode-pumped  CnLiSAF  laser.  The  top  line  is 
for  the  case  where  the  laser  spectrum  is  broad  (AX 
*  13  nm)  and  X  =  835  nm,  the  second  line  is  for 
the  same  wavelength  but  the  linewidth  is  narrow, 
AX  =  0.14  nm.  The  third  line  is  for  X  =  816  nm 
and  narrow  linewidth  AX  =  0.14  nm. 


narrow  laser  line.  The  slope  efficiency  is  about 
18%  for  the  broad  band  output  It  is  seen  from 
Fig.  3  the  laser  output  at  816  nm  is  significantly 
lower  (**23  mj  at  340  mj  pump  energy)  than 
that  at  835  nm.  Although  the  reduction  in  the 
gain  at  816  nm  is  only  about  12%,  the  reduc¬ 
tion  in  laser  output  is  much  higher  (35%).  As 
stated  above,  we  can  associate  it  with  increas¬ 
ing  of  self  absorption  losses  at  816  nm  wave¬ 
length  inCr.LiSAF  crystal. 
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For  trace  gas  monitoring,  compact  tunable 
(20-30  GHz),  wavelength  modulatable 
sources  with  output  powers  in  the  order  of 
— 1 00  pW  and  linewidths  better  than  100  MHz 
are  in  great  demand  for  wavelength  modula¬ 
tion  spectroscopy.1-6  Tunable  fiber  laser 
sources,7"12  with  their  intrinsic  long  cavities 
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CThT6  Fig.  1.  Novel  standing  wave  and  trav¬ 
elling  wave  tunable  laser  designs. 
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CThT6  Fig.  2.  Tuning  curve  for  travelling 
wave  laser. 


and  narrow  linewidth  outputs,  are  attractive 
alternatives.  1 

In  this  paper  we  report  on  the  design  and 
implementation  of  novel  continuously  tunable 
1.5  \Lm  fiber  lasers  based  on  the  combination 
of  fiber  Bragg  gratings  and  the  transmissive 
filtering  properties  of  high  finesse  fiber  Fabry- 
Perot  (FFP)  filters.  Built  from  off-the-shelf 
components,  the  concept  is  simple  and  easily 
adaptable  to  many  wavelength  ranges  depend¬ 
ing  on  the  choice  of  fiber  Bragg  grating  and/or 
doped  glass  medium. 

In  our  initial  experiment,  we  used  a  ring 
laser  cavity.  In  place  of  the  bulk  grating  used  in 
more  traditional  designs,12  we  employed  a 
0.08  nm  LW  FBG,  with  a  reflectivity  of  25%, 
centered  at  1531.08  in  a  Sagnac  loop  geometry. 
The  FFP  provides  intracavity  wavelength  tun- 
ability  to  the  source.  The  filter  has  a  20  GHz 
free  spectral  range  (FSR)  and  a  20  MHz  line- 
width  (LW).  The  isolators  prevent  unwanted 
reflective  feedback  from  the  high  reflectivity 
FFP  mirror  surfaces. 

An  instrument-limited  linewidth  of  0.05  nm 
and  15  GHz  of  maximum  tuning  centered  in  the 
vicinity  of  the  FBG  peak  were  demonstrated  The 
observed  output  powers  (2  mW  max),  however, 
showed  10%  fluctuations,  and  spectral  instability 
(estimated  to  be  —1  GHz)  was  a  problem  with 
this  particular  design.  The  roundtrip  path  of  the 
travelling  wave  reflected  off  die  FBG  includes  two 
3  dB  losses  from  die  fused  coupler  for  every  tra¬ 
versal  of  the  gain  medium.  This  weakens  the  FBG 
feedback  mechanism. 

This  consideration  led  us  to  the  linear  cavity 
design.  This  second  laser  is  composed  of  the 
principal  cavity  formed  by  the  FBG,  the  gain 
section,  and  the  FFP  loop.  Other  subcavities, 
such  as  the  FFP  loop  itself  and  that  formed 
between  the  FBG  and  the  HR  mirror,  will  cause 
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CThT6  Fig.  3.  Tuning  curve  for  standing 
wave  laser. 


the  laser  to  oscillate  at  the  points  where  the 
modes  coincide.  Hie  effective  linear  cavity  FSR 
will  be  larger  than  the  ring  laser’s  due  to  this 
vernier  effect.12 

The  standing  wave  laser  exhibited  19  GHz 
of  maximum  tuning.  Within  the  limits  of  the 
optical  spectrum  analyzer  resolution,  no  spec¬ 
tral  peak  instabilities  were  discernible.  In  addi¬ 
tion,  output  power  fluctuations  improved  to 
—1%,  suggesting  greater  stability  due  to  re¬ 
duced  longitudinal  mode  competition  within 
the  FFPs  20  MHz  transmission  LW  due  to  the 
larger  effective  FSR.  . 

Instrument-limited,  narrow  linewidth 
(<0.05  nm) .modes  were  observed.  Because  of 
the  mode  selective  properties  of  long  cavity 
fiber  lasers,  we  expect.  Hnewidths  better  than 
50  kHz  from  scanning  Fabry-Perot  inter¬ 
ferometry  and  delayed  self-heterodyne  inter¬ 
ferometry  experiments  that  are  currently  in 
progress.  It  should  also  be  possible  to  extract 
the  modulation  depth  through  a  modified  ho¬ 
modyne  setup. 

Experiments  on  acethylene  and  ammonia, 
which  have  significant  absorption  lines  at  the 
near  infrared,  will  be  conducted.  We  are  also  in 
the  process  of  developing  similar  designs  at 
other  wavelengths,  such  as  2.7  p.m  using  ErZ- 
BLAN. 

With  Hnewidths  expected  to  be  better  than 
50  kHz,  fast  electronic  tunabiHty,  output  pow¬ 
ers  in  the  mW  range,  capability  for  switching 
between  fixed  wavelengths,  and  flexible  wave¬ 
length  range  selection,  through  the  choice  of 
readily  available  FBGs,  the  source  appears 
promising  for  wavelength  modulation  spec¬ 
troscopy,  differential  absorption  spectroscopy 
and  frequency  multiplexed  spectroscopy  ap- 
pUcations. 
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Wc  apply  diffractive  optical  elements  for  intra- 
cavity  mode  selection.  The  systems  studied  in¬ 
clude  CW  and  pulsed  setups  and  both  linear 
and  ring-cavities.  Results  from  numerical 
simulations  and  experimental  results  ate  pre¬ 
sented. 

We  use  diffractive  optical  elements  (DOE):: 
for  intra-cavity  mode  selection  to  shape  the^J 
fundamental  mode  laser  resonators*  Usings  • 
phase-conjugatingynode  selecting  element 
(MSE)  in  the  master  oscillator  of  a  high-power 
laser  system,  we  aire  able  to  produce  a  near-; 
perfect  super-Gaus^an  mode  with  a  flat  inten¬ 
sity  profile  which  c,  i 'We  to  extract  much  higher 
energy  from  thdmc*plifier  than  a  Gaussian 
TEMoq  mode  and  avoid  gain  medium  self- 
focusing  effects. 

We  present  diffj  rent  designs  for  operation 
in  a  1  m  cavity  lerigth  Nd:YAG  master  osdlla- 1 
tor,  both  for  a  diffractive  mirror  and  for  a  f 
transmissive  design  to  be  used  together  with  ; 
the  existing  cavity  mirror;  Both  designs  are? 
surface  relief  phase  elements  fabricated  m| 
fused  silica  using  photolithography  with  i 
reactive-ion  etching  to  produce  16  level ^  ele¬ 
ments  for  use  in  transmission  or  reflectionv| 
Results  from  numerical  simulations  and  ex*| 
perimental  measurements ;  (Fig.  1)  are  pre-1 
sented.  Deviations  from  the  desired  flat  top  are! 
no  more  than  approx  15%. 

In  addition  to  customised  master  osdlla^ 
tors,  we  use  MSEs  in  re-generative  cavities  to' 
re-shape  the  beam  profile  of  an  existing,  un-J 
modified  master  oscillator.  We  report  what  \ 
beUeve  is  the  first  appUcation  of  diffractiv 
phase  elements  for  transverse  mode  selection^ 
in  laser  ring  cavities.  A  design  for  a  regener*| 
tive  ring  cavity  producing  an  eighth  orde* 
super-Gaussian  intensity  profile  beam  is  pre^ 
sented.  Our  results  show  that  it  is  possible  tq 


CThT7  Fig.  1.  Experimental  result  showin 
the  flat-top  intensity  beam  profile  of  a  customis 
master  oscillator. 
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This  article  describes  an  approach  to  the  heteroepitaxy  of  lattice  mismatched  semiconductors,  that 
we  call  nanoheteroepitaxy.  The  theory  developed  here  shows  that  the  3D  stress  relief  mechanisms 
that  are  active  when  an  epilayer  is  nucleated  as  an  array  of  nanoscale  islands  on  a  compliant 
patterned  substrate,  will  significandy  reduce  the  strain  energy  in  the  epilayer  and  extend  the  critical 
thickness  dramatically.  Calculations  show  that  with  the  scale  of  patterning  that  is  achievable  with 
^■  vanced  lithography  (10-100  nm)  we  can  eliminate  mismatch  dislocations  from  heterojunctions 
that  are  mismatched  by  as  much  as  4.2%.  ©  1999  American  Institute  of  Physics. 

[S0021-8979(99)03 109-6] 


I.  INTRODUCTION 

Traditional  semiconductor  epitaxial  growth  using  planar, 
monolithic  substrates  has  progressed  from  homoepitaxy  to 
lattice-matched  heteroepitaxy  and  recendy  to  pseudomor- 
pftic,  lattice-mismatched  systems  where  small  amounts  of 
strain  are  accommodated  in  very  thin  films.  In  cases  where  a 
large  lattice  mismatch  is  unavoidable  (e.g.,  GaN),  then  selec¬ 
tive  nucleation  followed  by  lateral  epitaxial  overgrowth  has 
also  been  shown  to  be  successful  in  limiting  the  effects  of 
mismatch  defects  by  localizing  them  to  inactive  regions  of 
die  wafer.1 

This  article  describes  an  approach  to  defect  reduction  in 
mismatched  heterogeneous  epilayer-substrate  systems  that 
w<3  call  nanoheteroepitaxy.  Nanoheteroepitaxy  exploits  state- 
of-the-art  lithography  to  pattern  a  substrate  surface  with 
nmoscale  features  (10-100  nm)  prior  to  growth.  Selective 
epitaxial  growth  is  then  performed  and  the  epilayer  nucleates 
as  an  array  of  nanoscale  islands.  The  additional  stress  relief 
mechanisms  available  to  nanoscale  islands  as  compared  to  a 
conventional  planar  epilayer  are  illustrated  in  Fig.  1.  In  a 
conventional  planar  structure  the  epilayer  can  only  deform 
vertically  (a)  to  relieve  mismatch  stress.  In  contrast,  a  nano¬ 
heteroepitaxy  “island,”  consisting  of  a  patterned  substrate 
(lower  part)  and  a  selectively  grown  epilayer  (upper  part), 
can  deform  vertically  (a)  and  laterally  (b).  Thus  the  mis¬ 
match  strain  is  distributed  in  three  dimensions.  In  addition, 
die  partitioning  of  strain  between  the  epilayer  and  the  sub¬ 
strate  that  occurs  in  nanoheteroepitaxy,  will  further  reduce 
the  amount  of  strain  in  the  epilayer.  Finally,  if  mismatch 
dislocations  are  formed  in  the  island  they  can  glide  or  climb 
to  an  island  edge  (c),  assuming  the  glide  plane  is  suitably 
oriented.  In  conventional  planar  heteroepitaxy  dislocations 
are  unlikely  to  reach  the  sample  edge  and  they  will  remain  in 
the  epilayer  (d). 

The  additional  stress  relief  mechanisms,  that  are  avail¬ 
able  to  the  nanoheteroepitaxy  sample,  will  allow  the  epilayer 
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to  remain  coherent  (undefected)  well  beyond  the  critical 
thickness  calculated  for  the  case  of  planar  (one-dimensional) 
epitaxy.  Experimental  evidence  for  these  effects  exists  in  the 
literature  describing  the  formation  of  Stranski-Krastanov 
(SK)  islands  in  highly  mismatched  heteroepitaxy.  For  ex¬ 
ample,  Eaglesham  and  Cerullo2  found  that  SK  islands  of 
pure  Ge  could  be  grown  defect  free  on  Si,  for  island  thick¬ 
nesses  up  to  500  A,  which  is  50X  higher  than  the  critical 
thickness  for  the  conventional  planar  growth  of  Ge  on  Si. 

This  article  develops  the  theory  of  nanoheteroepitaxy, 
extending  the  previous  theory  of  growth  on  patterned  sub¬ 
strates  by  Luryi  and  Suhir3  to  include  the  effects  of  compli¬ 
ance  in  the  substrate.  It  is  shown  that  strain  energy  in  the 
epitaxial  layer  can  be  significantly  reduced  by  combining 
the  effects  of  nanostructuring  and  substrate  compliance. 
The  theory  is  then  applied  to  two  technologically  important 
semiconductor  epi/substrate  systems;  Si-Ge/Si,  and 
InP/Gao  5 1In0  49P/GaAs.  With  the  scale  of  patterning  that  is 
now  reachable  using  advanced  lithography4-6  the  theory  of 
nanoheteroepitaxy  predicts  that  mismatch  defects  can  be 
eliminated  when  the  lattice  mismatch  is  4.2%  or  less.  In 
more  highly  mismatched  systems,  where  the  complete  elimi¬ 
nation  of  defects  is  not  possible,  the  nanoheteroepitaxy  ap¬ 
proach  is  expected  to  yield  significant  reductions  in  defect 
density. 

II.  THEORY  p|||4ANOHETEROEPITAXY 

“Island  ’  or  “mesa”  patterning  followed  by  selective 
growth  has  already  been  shown  to  be  an  effective  method  for 
reducing  the  threading  dislocation  density  in  an  epilayer 
compared  to  that  in  an  underlying  substrate.  It  was  shown7 
that  island  diameters  in  the  range  10-400  /an  allowed  a 
100X-10X  reduction,  respectively,  in  the  threading  disloca¬ 
tion  density,  when  InxGaj-.xAs  (x=0.5)  was  grown  on 
GaAs.  In  this  case  the  dislocation  reduction  resulted  from  the 
threading  dislocations  having  sufficient  mobility  to  reach  the 
mesa  edges  during  the  high  temperature  growth  cycle.  Fur¬ 
thermore,  Hull  et  a/.,8  have  shown  that  a  continuous  coa¬ 
lesced  film  can  be  obtained  by  exploiting  lateral  growth  be- 
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FIG.  1.  Mismatch  stress  relief  mechanisms  available  to  nanoheteroepitaxy 
islands  (left-hand  side)  and  to  a  conventional  planar  heteroepitaxy  sample 
(right-hand  side). 


tween  such  mesas.  While  mesas  of  this  size  (10  yum  and 
above)  can  be  effective  in  reducing  the  density  of  threading 
dislocations,  at  this  scale  the  patterning  has  little  effect  on 
the  density  of  interfacial  mismatch  dislocations. 

It  was  predicted  in  1986  by  Luryi  and  Suhir3  that  a  re¬ 
duction  in  the  density  of  interfacial  mismatch  dislocations 
could  be  achieved  if  the  size  of  the  mesas  or  islands  could  be 
reduced  to  the  10-100  run  scale.  When  an  epilayer  nucleates 
as  an  array  of  noninteracting,  discrete  islands,  and  later  coa¬ 
lesces  as  shown  in  Fig.  2,  the  mismatch  stress  was  shown3  to 
acquire  a  dependence  on  y  and  z. 

The  stress  in  the  epitaxial  layer  was  shown  to  be  of  the 
form 


<rcSn(y,z)=err~-x(y>z)e  vzm,  (1) 

1  *epi 

where  er=2(|aepi_asubl)/(aepi+flsub)  is  the  total  lattice 
mismatch  strain,  is  Poisson’s  ratio  for  the  epilayer  ma¬ 
terial,  is  Young’s  modulus  for  the  epilayer  material.  21 
is  the  island  diameter  and  *(y,z)  characterizes  the  lateral 
stress  distribution9  as 


coshfcy 
*  cosh  kV 
,  1, 


z^htf* 


(2) 


The  stress  decays  exponentially  in  the  z  direction  with  a 
characteristic  length,  2//ir.  k  is  the  interfacial  compliance 


7 

Islands  on  ' 
patterned  substiate 


FIG.  2.  Epitaxial  growth  nucleates  selectively  on  the  patterned  substrate 
islands  of  diameter  21.  Lateral  epitaxy  allows  the  him  to  coalesce  after  a 
sufficient  epilayer  thickness  has  been  grown.  The  effects  of  mismatch  strain 
decrease  exponentially  in  the  vertical  (z)  direction  and  are  negligible  beyond 
an  effective  thickness  . 


parameter3,9  that  is  related  to  the  characteristic  length  of  ex¬ 
ponential  decay  of  the  strain  energy ,  h*5,  by  the  equation 


3  l-v\m  1 

21+7/  W' 


O) 


Equation  (1)  assumes  the  substrate  is  completely  rigid  and 
makes  no  allowance  for  substrate  compliance.  In  practice  we 
expect  the  substrate  part  of  a  nanoscale  island  to  also  un¬ 
dergo  elastic  deformation  as  shown  in  Fig.  1.  We  therefore 
propose  that  the  stress  within  the  substrate  part  of  the  island 
will  also  acquire  a  dependence  on  y  and  z  similar  to  that  of 
Eq.  (1).  To  introduce  substrate  compliancy  into  the  theory  of 
nanoheteroepitaxy,  we  first  review  the  partitioning  of  strain 
between  the  epilayer  and  substrate  for  the  case  of  a  planar 
(unpattemed)  compliant  substrate. 


W .  STRAIN  PARTITIONING  IN  COMPLIANT 
SUBSTRATES  WITH  NO  PATTERNING 


At  the  heart  of  Substrate  compliancy  is  strain  partitioning 
which  moves  ?  fim|$on  of  the  mismatch  strain  into  the  sub¬ 
strate  thus  reducmjg]f  he  strain  in  the  epitaxial  layer.  Hirth  and 
Evans10  and  Lo11  showed  that  for  a  planar  structure,  sub¬ 
strate  compliancy  is  leveraged  when  the  substrate  is  thinned, 
allowing  a  significant  part  of  the  mismatch  strain  to  be 
shifted  to  the  substrate.  In  a  coherent  interface,  the  total  lat¬ 
tice  mismatch  strain,  eT  must  equal  the  sum  of  the  strains  in 
the  epitaxial  layer  and  substrate:10 


€T  ^epi^”  ^sub  *  (4) 

where  and  €mh  are  the  partitioned  strains  in  the  epitaxial 
layer  and  substrate,  respectively. 

For  coherent  {100}  interfaces  in  cubic  materials  possess¬ 
ing  isotropic  elastic  constants  there  will  be  equal  biaxial 
stresses  (cr11  =  o-22=  cr)  and  strains  (en=€22=€)  with  zero 
shear  stresses  and  strains.  Using  this  result  and  the  boundary 
condition  0*33=0,  yields  the  well  known  in-plane  stress- 
strain  relationship12 

<T=Yd(l-v).  (5) 

As  pointed  out  by  Hirth  and  Evans,10  static  equilibrium 
in  the  bimaterial  structure  dictates  that  the  net  force  on  the 
system  must  be  zero,  thus 


Oepi^epi^Osub^sub  0,  (®) 

where  and  ft**  are  the  thicknesses  of  the  epitaxial  layer 
and  substrate,  respectively.  Combining  Eqs.  (4),  (5),  and  (6) 
we  obtain  expressions  for  the  partitioned  strains  that  high¬ 
light  the  functional  dependence  of  the  strains  on  the  thick¬ 
ness  ratio  /icpj/Zzsub 


(7) 


^sutr 


1+1-— 


where  K  is  given  by 


(8) 
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Layer  thickness  ratio,  h CJJhm 


FIG.  3.  Strain  partitioning  for  a  planar  (unpattemed)  sample. 


(1  ysub) 

“(i-v  ^sob  : 


(9) 


Figure  3  plots  the  normalized  partitioned  strains,  e^/ej 
and  ^/er,  as  a  function  of  the  thickness  ratio, 
for  three  values  of  K.  Notice  that  f  artitioning  becomes  sig¬ 
nificant  when  ^T/tqri//tsub>0.01  at  which  point  compliancy  is 
leveraged.  During  heteroepitaxial  growth  the  ratio 
Khep/hnfo,  increases  causing  the  strain  partitioning  to  vary 
as  the  growth  progresses.  At  the  beginning  of  growth  all  of 
the  strain  is  accommodated  in  the  epilayer.  As  the  epilayer 
thickness  increases,  more  and  more  of  the  strain  is  accom¬ 
modated  in  the  substrate.  Heteroepitaxial  growth  must  there¬ 
fore  initially  pass  through  a  regime  of  noncompliance  even 
on  compliant  substrates. 


IV.  THEORY  OF  NANOHETEROPITAXY  INCLUDING 
SUBSTRATE  COMPLIANCE 

Returning  to  nanoheteroepitaxy  and  following  an  ap¬ 
proach  similar  to  that  of  Luryi  and  Suhir,3  we  can  now  ac¬ 
count  for  substrate  compliancy  by  expressing  the  stresses  in 


the  epitaxial  layer  and  substrate  as 

O-epiONZ)  =  e«pio1  XOSZ)*  ”°t. 

(10) 

<TrabO’>z)s=esob0l  X(y,z)evzni, 

°1  •'sub 

(ID 

where  e^  and  esubo  are  the  partitioned  epitaxial  and  sub¬ 
strate  strains  at  the  interface,  respectively.  This  is  equivalent 
to  partitioning  the  stress  distribution  calculated  earlier3  be¬ 
tween  the  substrate  and  epilayer  parts  of  the  nanoheteroepi¬ 
taxy  island.  The  partitioning  will  of  course  be  thickness  de¬ 
pendent 

The  lateral  stress  distribution  is  highly  uniform  up  until 
close  to  the  edge  of  the  island  where  the  stress  quickly  drops 
to  zero.  For  simplicity  we  wifi  therefore  assume  that  x  is 
uniform  and  equal  to  unity,  this  allows  static  equilibrium 
condition  to  be  given  by 


FIG.  4.  Strain  partitioning  during  nanoheteroepitaxy.  The  nanoisland  diam¬ 
eter  is  2/  and  the  substrate  thickness  was  arbitrarily  set  to  500  A. 


f  ‘‘"o’epi (z)dz+  f  (rstib(z)dz=0.  (12) 

Jo  J-/>ab 

Combining  Eqs.  (1),  (4),  and  (12)  and  integrating  yields  the 
interfacial  partitioned  strains  for  the  nanostructured  sample 


_ f T _ ' 

l  ( 1  irhggb/Zl))) 


(13) 


_ fr _ 

f  1  U~exp(  — 'ffftsob/2/))\ 
\^(l-exp(-^ep/2/))j 


Figure  4  plots  the  interfacial  strain  partitioning  as  a  func¬ 
tion  of  epitaxial  layer  thickness  for  nanostructured  islands 
with  radii  ( t )  of  100  and  300  A  and  for  K  values  of  1  and 


K=  1.3.  In  Fig.  4,  e^  is  the  strain  in  the  epilayer  and 
is  the  strain  in  the  substrate  and  both  strains  are  plotted  nor¬ 
malized,  i.e.,  as  el  eT .  The  degree  of  strain  partitioning  in  the 
nanostructured  case  has  an  asymptotic  limit  that  depends  on 
K  and  not  on  Kh^/h^.  This  arises  from  the  concept  intro¬ 
duced  by  Luryi  and  Suhir  that  the  stress  decays  exponentially 
with  characteristic  length  2//tt,  that  is,  the  strain  partitioning 
functions  [Eqs.  (13)  and  (14)]  decouple  from  the  material 
thickness  for  thicknesses  h> 21/ tt.  As  we  have  also  allowed 
the  substrate  to  deform,  there  will  be  an  effective  range  in  the 
substrate  as  well  as  in  the  epilayer.  Once  the  epilayer  thick¬ 
ness  (and  substrate  thickness)  have  exceeded  these  values 
there  will  be  no  further  change  in  the  partitioning  of  mis¬ 
match  strain.  Thus  the  elastic  constants  for  epilayer  and  sub¬ 
strate  combinations  will  determine  the  asymptote  in  Fig.  4.  It 
should  be  noted,  however,  that  partitioning  occurs  more  rap¬ 
idly  in  the  nanostructured  case  than  for  the  planar  (unpat¬ 
terned)  case.  This  is  important  when  considering  that  the 
strain  appears  as  a  squared  factor  in  the  strain  energy  expres¬ 
sion.  Thus  a  factor  of  two  reduction  in  the  strain  corresponds 
to  a  fourfold  reduction  in  the  strain  energy. 
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Neglecting  bending,  the  strain  energy  density  per  unit 
volume  is  of  the  form3 

<*{y,z)=—y-crkyftf-:  d5) 

The  areal  strain  energy  density  in  the  system  is  the  sum  of 
the  strain  energies  in  the  epitaxial  layer  and  substrate,  and  is 
given  by 

E(y)=  \  'P,a)epi(y,2)</z+  f  (Osabiy^dz .  (16) 

JO  J  —  hgfo 

ITie  distribution  function,  x,  gives  E  a  y  dependence,  how¬ 
ever,  from  the  form  of  x  it  is  clear  that  E  has  a  maximum  at 
y- 0.  Setting  y=0  and  integrating  the  two  terms  in  Eq.  (16) 
yields  solutions  for  the  maximum  areal  strain  energy  density 
in  the  epitaxial  and  substrate  layers,  respectively: 


Epilayer  Thickness,  (A) 


£epi=T=7L-  44 1  “  sech(*epii)]2 

1  yepL 

l 

X-ll-expi-TTh'p/l)],  (17) 

7T 

4b°[ 1  “  sec^k,*/)]2 

*'  ‘  l 

X  — [l-exp(--7r/isub/Z)].  (18) 

7T 

Using  the  approach  of  Luryi  and  Suhir3  and  comparing  the 
form  of  these  equations  with  the  strain  energy  for  the  planar 
case 

E=  —  €^h  (19) 

1  —  v 

we  can  define  an  effective  layer  thickness  as 

h%=[l  -sech^epj/)]2-^!;!  -exp(-irhepi//)],  (20) 

similarly  for  the  substrate.  Since  k  depends  on  htSy  Eq.  (20) 
can  be  solved  by  searching  for  the  root.  Equations  (17)  and 
(18)  can  now  be  written  in  the  form 


v  . 

.  _  1  CP*  2  .eff 

ep>  1-Vgpi  W*  ’ 

(21) 

,  _  ^snb  2  ,  eff 

sub  j  _  sub  • 

(22) 

V.  APPLICATION  OF  NANOHETEROEPITAXY  TO 
SEMICONDUCTOR  MATERIALS 

We  now  apply  the  theoiy  of  nanoheteroepitaxy  to  some 
well-known  mismatched  materials  systems.  To  do  this  we 
compare  the  strain  energy  in  the  system  with  the  areal  energy 
required  to  form  a  dislocation  in  the  epilayer.  In  most  semi¬ 
conductor  systems  it  will  take  less  energy  to  form  a  screw 
dislocation  than  an  edge  dislocation  and  the  screw  disloca¬ 
tion  energy  is  typically  given  by13 


FIG.  5.  Plots  of  strain  energy  vs  epilayer  thickness  for  Ge  on  Si  using  the 
different  models  discussed  in  this  article.  (/=20nm  for  die  LS  and  ZH 
models.) 


Yb 2  (R\ 

4ir(l  —  v)wd  \b/’ 


(23) 


where  b  is  the  magnitude  of  the  Burger’s  vector  and  wD  is 
the  effective  interfacial  width  of  an  isolated  linear  disloca¬ 
tion.  R  is  the  distance  between  the  dislocation  and  the  nearest 
free  surface.3,14  It  should  be  noted  that  Eq.  (23)  is  inaccurate 
when  R  is  very  small  (i.e.,  when  R  approaches  the  atomic 
scale  of  the  Burger’s  vector).  Thus  a  crossing  of  the  E  and 
Ed  curves  for  epilayer  thicknesses  less  than  —10  A  will 
yield  an  inaccurate  value  of  the  critical  layer  thickness.  In 
conventional  heteroepitaxy,  R  is  simply  equal  to  the  epilayer 
thickness.  For  compliant  nanostructured  substrates,  R  is 
modified  to 


fl^min^epj 

>^sub  ’  0,  (24) 

to  account  for  the  case  where  the  epitaxial  layer  surface  may 
not  always  be  the  closest  surface  to  the  heterointerface  in  the 
nanoheteroepitaxy  sample. 

In  the  following  plots  it  is  assumed  that  if  the  strain 
energy  within  the  epilayer  is  less  than  the  energy  required  to 
form  a  screw  dislocation  then  the  epilayer  will  remain  coher¬ 
ent. 


A.  Example  1:  Pure  Ge  on  Si  [total  mismatch  (er) 
=4.2%] 

Figure  5  plots  the  strain  energy  in  the  system  as  a  func¬ 
tion  of  epilayer  thickness  for  different  types  of  substrate/ 
epilayer  structures  discussed  in  this  article  and  for  ED,  cal¬ 
culated  from  Eq.  (23).  The  maximum  strain  energy  in  the 
epilayer  occurs  for  a  thick  planar  substrate  with  no  nano¬ 
structuring  or  compliancy  effects.  This  is  represented  by  the 
curve  £plan,  /isub=450/im.  When  substrate  compliancy  is 
introduced  (£plan ,  ^^=60  nm)  the  effects  of  strain  partition¬ 
ing  become  significant  when  the  epilayer  thickness  reaches 
—6  nm.  The  effect  of  nanostructuring  alone  (no  compliancy) 
is  shown  by  curve  is  ls  which  is  calculated  using  the  original 
Luryi  and  Suhir  model 3  The  minimum  strain  energy  in  the 
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FIG.  6.  Plots  of  strain  energy  vs  epilayer  thickness  for  lnP/GalnP  lattice 
matched  to  GaAs.  Island  radius  is  50  nm  for  the  LS  model  and  / 
=  50  nm  and  /=65nm  for  the  ZH  model 


system  is  represented  by  the  nanoheteroepitaxy  approach, 
curve  Em ,  where  the  combined  effects  of  nanostructuring 
and  substrate  compliance  are  included.  From  Fig.  5,  it  ap¬ 
pears  that  nanoheteroepitaxy  will  extend  the  critical  thick¬ 
ness  to  infinity  in  this  system,  when  the  island  radius  is  20 
nm  or  less. 

B.  Example  2:  InP  on  Gao^ilno^P  on  GaAs  [total 
mismatch  (cr)=3.7%] 

In  this  system  the  Gao.51Ino.49P  and  GaAs  are  lattice 
matched  and  the  mismatch  of  3.7%  therefore  occurs  at  the 
InP/Ga0^iIn0  49P  heterojunction.  Figure  6  plots  the  strain  en¬ 
ergy  in  the  system  as  a  function  of  epilayer  thickness  for  the 
different  approaches  shown  in  the  previous  example  and  for 
two  island  radii  (Z=50nm  and  Z=65nm)  for  the  nanohet¬ 
eroepitaxy  approach.  Nanoheteroepitaxy  theory  (curves  E^ 
predicts  that  the  maximum  island  radius  that  can  be  tolerated 
before  dislocation  formation  is  approximately  /=65nm.  At 
this  radius  the  strain  energy  in  the  nanoheteroepitaxy  curve 
and  die  dislocation  formation  energy  curve  intercept.  This  is 
in  good  agreement  with  recent  observations  by  Porsche 


et  a/.,15  who  found  that  InP  islands  could  be  grown  appar¬ 
ently  dislocation-free  on  Gao .51ID0.49P  and  with  base  diam¬ 
eters  up  to  approximately  100-120  nm,  (i.e.,  with  island  ra¬ 
dii  of  Z=50-60nm). 

VI.  CONCLUSIONS 

According  to  the  theory  of  nanoheteroepitaxy  described 
here,  with  nano-island  radii  in  the  10  nm  to  100  nm  range  it 
is  possible  to  eliminate  mismatch  defects  for  heteroepitaxial 
layers  that  are  mismatched  by  as  much  as  4.2%.  In  more 
highly  mismatched  systems  (e.g.  GaN  on  sapphire)  a  signifi¬ 
cant  reduction  in  defect  density  is  also  expected.  This  theory 
is  currently  being  tested  at  CHTM  using  metalorganic 
chemical  vapor  deposition  selective  growth  on  substrates 
patterned  by  advanced  interferometric  lithography  and  using 
self-assembled  island  growth.  The  results  of  this  study  will 
be  reported  elsewhere. 
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Nanoheteroepitaxy  has  recently  been  proposed  as  a  technique  for  significantly  extending  the  thickness  of 
pseudomorphic  growth  in  mismatched  heterostructures.  This  article  reports  the  first  experimental  application  of 
nanoheteroepitaxy  for  the  growth  of  GaN  on  patterned  <1 1 1>  oriented  silicon-on-insulator  substrates  by 
organometallic  vapor  phase  epitaxy.  Transmission  electron  microscopy  reveals  that  the  defect  concentration 
decays  rapidly  away  from  the  heterointerface  as  predicted  by  nanoheteroepitaxy  theory.  The  melting  point  of  the 
nanoscale  islands  is  found  to  be  significantly  reduced,  enhancing  substrate  compliance  and  further  reducing  the 
strain  energy  in  the  GaN  epitaxial  layer. 


Nanoheteroepitaxy1  (NHE)  exploits  3-dimensional 
stress  relief  mechanisms  that  are  available  to  nanoscale 
islands  to  reduce  the  strain  energy  in  lattice-mismatched 
material  systems.  The  NHE  approach  consists  of 
patterning  a  substrate  into  a  2-dimensional  array  of  10  to 
300  nm  sized  nucleation  islands  and  then  selectively 
growing  epitaxial  material  vertically  on  the  islands  (FIG 
1,  point  a).  This  is  followed  by  lateral  overgrowth  to 
achieve  coalescence  (FIG  1,  point  b).  In  contrast  to 
current  epitaxial  lateral  overgrowth2,  and  pendeo3 
approaches,  where  the  patterning  is  on  the  scale  of  1-10 
pm,  the  nanoscale  patterning  in  NHE  allows  enhanced 
substrate  compliance  mechanisms  to  operate.  For 
example,  in  addition  to  strain  partitioning  similar  to  that 
found  in  planar  compliant  structures4,  stress  in  the  NHE 
sample  decays  exponentially  away  from  the 
heterointerface  with  a  characteristic  decay  length 
proportional  to  the  diameter  of  the  island.  Strain 
partitioning  and  stress  decay  interact  synergistically  to 
significantly  lower  the  strain  energy  in  nanostructural 
lattice  mismatched  material  systems.  NHE  theory  predicts 
that  mismatch  dislocation  formation  can  be  eliminated 
from  materials  systems  with  a  lattice  mismatch  in  the 
range  of  0-4%.  In  material  systems  with  larger  lattice 
mismatch  such  as  GaN  on  Si  (20%  lattice  mismatch) 
defects  are  probably  unavoidable,  however  as  we  show 
below,  NHE  results  in  a  significant  reduction  in  the  local 
defect  density  in  nanostructural  GaN/Si  islands. 

Nanoheteroepitaxy  was  investigated  using 
organometallic  vapor  phase  epitaxy  (OMVPE)  growth  of 
GaN  on  the  patterned  surface  silicon  layer  of  commercial 
<11 1>  silicon-on-insulator  (SOI)  wafers  manufactured  by 
the  separation  by  implantation  of  oxygen  (SIMOX) 
process.  The  SOI  wafers  were  patterned  using 
interferometric  lithography  and  reactive  ion  etching5, 6  to 
form  a  square  2-dimensional  array  of  silicon  islands  on 
top  of  a  field  of  Si02  as  illustrated  in  FIG  1 .  The  height  of 
the  islands  was  40  nm  while  the  diameter  varied  between 
90  to  300  nm.  Island  periodicity  was  360  and  900  nm. 
GaN  was  then  selectively  grown  on  the  silicon  islands 
using  a  three  step  sequence  consisting  of  an  in-situ 
cleaning  at  a  temperature  of  878 #C  for  5  minutes  under  a 
hydrogen  atmosphere,  a  low  temperature  (543°C) 


nucleating  layer  deposition  and  finally  main  epilayer 
growth  at  high  temperature  (103 1°C).  This  yielded  a  GaN 
island  thickness  of  100  to  200  nm.  The  exposed  Si02 
layer  in  the  SOI  served  as  a  convenient  mask  for  the 
selective  growth  of  GaN  on  silicon.  The  SOI  structure 
allowed  efficient  implementation  of  the  patterning  and 
selective  growth  requirements  of  the  NHE  approach. 


Defect 

Region 

Silicon 

Islands' 


FIG  1.  Shows  the  patterned  SOI  substrate  with  islands  created  in 
the  upper  Si  layer.  The  selective  growth  of  GaN  is  also 
illustrated.  A  defected  region  is  located  at  the  heterointerface. 


In  addition  to  exploiting  3 -dimensional  stress  relief 
mechanisms  due  to  geometrical  effects,  nanostructuring 
can  also  enable  other  stress  relief  effects  due  to  the  large 
surface-to-volume  ratio  of  nanoscale  structures.  For 
example,  in  material  systems  in  which  the  epitaxial 
material  has  a  larger  melting  point  than  the  substrate, 
compliance  can  be  actively  enhanced  due  to  softening  of 
the  nanoscale  substrate  islands  at  growth  temperatures 
well  below  the  substrate  bulk  melting  point.  Evidence  of 
substrate  softening  is  shown  in  FIG  2  which  compares  the 
size  and  shape  of  silicon  nanometer  sized  islands  (a) 
without  and  (b)  with  heat  treatment  at  1110WC  for  10 
minutes.  FIG  2  shows  that  mass  transport  has  occurred 
due  to  melting  in  the  heat-treated  sample.  This  indicates 
that  the  melting  point  for  these  silicon  islands  has  been 
reduced  from  its  bulk  value  of  1412°C  to  less  than 
11 10°C.  The  in-situ  cleaning  temperature  previously  used 
for  GaN  growth  on  sapphire7  is  1100°C,  however,  because 
of  this  observed  melting  we  have  now  reduced  the  in-situ 
clean  temperature  to  878WC.  A  reduction  of  melting  point 


2 


is  anticipated  from  recent  results  on  nanophase  materials 
which  has  shown  that  the  materials  properties  (including 
the  melting  point)  of  nanometer  scale  particles  are 
significantly  modified.8  In  the  case  of  NHE  this  reduced 
melting  point  can  be  utilized  during  growth  to  soften  the 
silicon  islands  (i.e.,  reduce  their  elastic  modulus)  and 
enhance  substrate  compliance.  We  call  this  effect  active 
compliance. 


FIG  2."Comparison  of  patterned  SOI  substrate  before  (a)  and 
after  (b)  heating  to  1 1 10*C.  The  change  of  shape  indicates  that 
the  silicon  islands  have  melted. 

While  not  explicitly  discussed  in  the  original  NHE 
model1,  active  compliance  can  be  incorporated  in  the 
strain  partitioning  equations  by  adjusting  the  elastic 
compliance  ratio ,  K,  given  by 

VW-O-v^l  (1) 

where  Y  is  Young’s  modulus  and  v  the  Poisson’s  ratio  in 
the  epitaxial  material  and  the  substrate  materials.  At  low 
temperatures,  well  below  the  actual  melting  point  of  the 
epitaxial  and  substrate  materials,  the  Young's  moduli  of 
these  materials  are  equal  to  their  respective  bulk  values. 
For  a  higher  growth  temperature,  near  the  reduced  melting 
point  of  the  substrate  island,  Y ^  will  be  reduced  causing 
K  to  be  increased  above  its  bulk  value,  K0.  The  impact  of 
active  compliance  on  strain  partitioning  is  illustrated  in 
FIG  3,  which  shows  the  effect  that  increasing  K  has  on  the 
normalized  strain,  e/&r,  in  the  epitaxial  and  substrate 
layers,  where  £r  is  the  total  mismatch  strain.  It  is  not 
known  at  this  time  by  how  much  the  value  of  K  can  be 
increased  beyond  K0>  however,  to  illustrate  the  active 
compliance  effect,  an  increased  value  of  3K0  was 
arbitrarily  chosen  for  comparison  in  FIG  3.  The  graph 
shows  that  active  compliance  enhances  strain  partitioning 
by  increasing  the  partitioning  at  a  given  thickness  and 
increasing  the  ultimate  degree  of  strain  partitioning.  In 
addition,  active  compliance  works  to  directly  lower  the 
total  strain  energy  in  the  system  when  Y» b  is  reduced 
because  strain  energy  is  proportional  to  the  Young’s 
modulus.1 


FIG  3.  Plots  the  normalized  interfacial  strain  in  the  epilayer  and 
substrate  versus  epilayer  thickness.  Without  active  compliance 
(solid  lines)  the  final  amount  of  strain  in  the  epilayer  and 
substrate  are  similar.  With  active  compliance  (dashed  lines) 
much  more  of  the  total  strain  is  transferred  to  the  substrate. 

Island  size  is  a  critical  parameter  in  NHE  as  it  controls 
both  the  elastic  modulus  through  the  actual  melting  point 
of  the  substrate  island  and  the  characteristic  decay  length 
of  the  strain  energy.  During  selective  epitaxy,  the  island 
size  and  spacing  will  also  control  the  effective  growth  rate 
at  the  island. 

Cross-section  transmission  electron  microscopy 
(XTEM)  micrographs  of  GaN  growth  on  two  silicon 
islands,  one  80  nm  in  diameter  and  the  other  280  nm  in 
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FIG  4.  Cross-sectional  TEM  micrographs  of  GaN  grown  on  Si 
islands  on  the  patterned  SOI  substrate.  Both  figures  show 
defects  at  the  heterointerface  but  high  quality  GaN  away  from 
the  interface.  The  electron  diffraction  pattern  reveals  the 
epitaxial  relationship  between  GaN  and  Si.  XTEM  images  were 
acquired  with  a  JEOL  2010  high-resolution  analytical  electron 
microscope  at  the  University  of  New  Mexico. 

diameter,  are  shown  in  FIG  4.  In  both  cases  the  defects 
are  concentrated  near  the  GaN/Si  heterointerface  and  the 
defect  density  decays  rapidly  to  vanish  at  approximately 
20-50  nm  from  the  interface.  In  FIG  4a,  strain  field 
contours  can  be  observed  in  the  defect-free  region.  The 
general  shape  of  the  strain  contours  indicates  that  the 
strain  originates  at  the  GaN/Si  heterointerface.  The 
contour  lines  broaden  and  separate,  away  from  the 
heterointerface,  indicating  a  decaying  strain  field  in 
agreement  with  the  predictions  of  NHE  theory.  Lateral 
growth  of  GaN,  extending  beyond  the  edges  of  the  silicon 
island,  is  also  observed.  The  electron  diffraction  pattern 
from  the  sample  in  FIG  4a  (inset)  reveals  the  relative 
crystallographic  orientation  of  GaN  and  Si  as  GaNfOOOl] 


//  Si[lll].  Thus  the  silicon  island  is  acting  as  an  epitaxial 
template.  FIG  4b  shows  a  threading  dislocation  in  the 
GaN,  indicating  that  the  mechanism  that  creates  threading 
dislocations  was  not  suppressed  sufficiently  to  prevent  the 
formation  of  the  threading  dislocation  in  this  particular 
island.  FIG  4a  and  4b  also  show  that  GaN  grows 
preferentially  on  the  (111)  surface  of  the  silicon  island, 
suggesting  that  selective  growth  via  crystallographic 
orientation  (i.e.  use  surface  patterning  instead  of  using  an 
oxide  mask)  may  be  achievable  for  this  material  system. 

High-resolution  XTEM  (FIG  5)  reveals  stacking  faults 
in  the  GaN  near  the  interface  (FIG  5a)  and  a  highly 
defected  silicon  layer  at  the  interface.  Segmented  silicon 
lattice  planes  lying  within  the  2.0  nm  thick  defected  layer, 
in  some  areas  penetrating  as  much  as  three  lattice  planes 
(0.95  nm)  into  the  layer,  indicate  that  the  layer  is 
composed  of  silicon,  implying  that  much  of  the  mismatch 
strain  is  being  taken  up  by  the  silicon.  FIG  5b  shows  that 
GaN  is  locally  of  highly  quality  away  from  the  interface. 


heterointerface  and  (b)  GaN  away  from  the  interface. 


In  this  first  experimental  demonstration  of 
nanoheteroepitaxy,  results  are  presented  on  the  selective- 
area  OMVPE  growth  of  GaN  on  a  novel,  patterned  SOI 
substrate.  A  reduced  melting  point  is  observed  for 
nanoscale  silicon  islands  enabling  active  compliance 
effects  that  work  to  further  enhance  strain  partitioning  and 
reduce  strain  energy.  Electron  microscopy  reveals  that  the 
defect  concentration  decays  rapidly  away  from  the 
GaN/Si  heterointerface,  in  agreement  with  NHE  theory. 
Beyond  this  defected  region,  the  GaN  appears  to  be  of 
high  quality.  Current  work  is  focussing  on  evaluating  the 
quality  of  the  material  grown  by  the  NHE  approach 
including  the  coalescence  region  and  other  effects  such  as 
differential  thermal  expansion  and  will  be  discussed 
elsewhere.  Partial  support  for  this  work  was  provided  by 
the  Air  Force  Office  of  Scientific  Research. 
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Introduction 

The  group-III-N  materials  (GaN  and 
its  related  alloys,  InGaN  and  AlGaN)  are 
a  rapidly  emerging  family  of  compound 
semiconductors  that  have  great  potential 
for  a  wide  range  of  optoelectronics  and 
electronics  applications. 

GaN-based  blue  light -emitting  diodes 
(LEDs)  are  commercially  available1  and 
can  already  be  found  in  full-color,  bill¬ 
board-size  displays  in  major  cities  iiYj 
Japan.  Achievement  of  continuous-wavej 
(cw)  laser  operation  at  blue  wavelengths 
will  lead  to  the  commercialization  of 
these  coherent  sources  probably  within 
the  next  few  years.  Like  other  semicon¬ 
ductor  lasers,  these  devices  can  be  manu¬ 
factured  relatively  cheaply  (eventually 
for  a  few  dollars),  and  they  are  expected 
to  replace  current  ($1,000  and  up)  ultra¬ 
violet  and  blue-laser  sources  in  medical 
spectroscopy,  high-density  information 
storage,  and  in  projection  displays. 

This  article  reviews  the  key  role  of  the 
crystal  structure  of  GaN  grown  on  sap¬ 
phire,  which  is  currently  the  most  widely 
used  substrate.  We  trace  the  origin  of 
this  crystal  structure  from  nucleation 
and  show  how  it  evolves  as  growth  pro¬ 
ceeds.  We  show  that  the  final  GaN  film 
is  an  ordered  polycrystal  (rather  than  a 
single  crystal),  in  which  the  individual 
grains  are  of  high  crystalline  quality  but 
are  "tilted"  and  "twisted"  with  respect 
to  one  another.  We  conclude  by  speculat¬ 
ing  on  how  this  microstructure  may  ex¬ 
plain  the  unusual  optical  and  electrical 
properties  of  GaN. 


The  High  Dislocation  Density  of 
GaN  on  Sapphire 

Throughout  the  history  of  semicon¬ 
ductors,  much  effort  has  been  devoted  to 
improving  the  perfection  of  the  basic 


semiconductor  crystal  and  in  parti¬ 
cular  to  reducing  the  concentration  of 
dislocations.  In  silicon-based  metal- 
oxide-semiconductor  devices,  disloca¬ 
tions  reduce  the  gate  oxide  breakdown 
voltage  and  increase  gate  leakage  cur¬ 
rents.3  In  GaAs-  and  InP-based  LEDs 
and  lasers,  dislocations  degrade  optoelec¬ 
tronic  as  well  as  electronic  performance.4 
When  injected  carriers  recombine  in  the 
vicinity  of  dislocations,  the  recombina¬ 
tion  energy  tends  to  heat  the  crystal  rather 
than  produce  light.  This  nonradiative  re¬ 
combination  appears  as  dark  spots  and 
dark  lines  in  the  otherwise  bright  emit¬ 
ting  regions  of  these  devices,  reducing 
their  intensity  and  their  reliability.  In  to¬ 
day's  high-quality  semiconductors  such 
as  silicon  and  GaAs,  dislocation  densities 
of  <0.1  cm~2  and  ~50  cm“2,  respectively, 
are  routinely  achieved. 

Cross-sectional  transmission-electron 
microscopy  (TEM)  examinations  by  many 
groups,5'9  of  "state-of-the-art"  GaN 
grown  on  sapphire  have  revealed  that  the 
GaN  layer  contains  a  relatively  high  dis¬ 
location  density  (see  Figure  1)  in  the 
range  108-1010  cm“2.  Yet  efficient  blue 
LEDs1  and  cw  lasers2  have  been  fabri¬ 
cated  from  material  similar  to  that 
shown  in  Figure  1.  Has  nature  been  very 


Figure  1.  A  cross-sectional  transmission -electron -microscopy  micrograph  (taken  at 
the  University  of  New  Mexico)  of  a  GaN/AIN/sapphire  structure.  The  dislocations 
show  an  approximately  (0001)  line  direction. 
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The  Microstructure  of  Mctalorganic-Chemical-Vapor-Deposition  GaN  on  Sapphire 


Figure  2.  Growth  schedule  for  metalorganic -chemical- vapor-deposition  GaN.  After 
growth  of  a  low-temperature  buffer  layer,  the  temperature  is  raised  to  1025°C  for 
growth  of  the  main  GaN  layers. 


kind  and  made  dislocations  in  GaN  be¬ 
nign?  Can  we  completely  ignore  the  pres¬ 
ence  of  this  dislocation  density  in  the 
III-N  materials  and  devices,  whereas 
such  a  density  would  be  prohibitive  in 
other  III-V  devices?  To  answer  these 
questions  it  is  necessary  to  understand 
how  and  where  dislocations  form  in 
GaN.  This  requires  understanding  of  the 
crystal  microstructure  for  GaN. 

MOCVD  Growth  of  GaN 
on  Sapphire 

The  pioneering  work  of  Hiramatsu 
et  al.5  and  Nakamura  et  al.10  showed  that 
optimum  electrical  and  optical-quality 
GaN  films  were  obtained  on  [0001]  sap¬ 
phire  when  a  thin,  low-temperature  AIN 
or  GaN  buffer  layer  was  used  to  initiate 
the  growth  process.  To  understand  the 
special  microstructure  of  GaN  on  sap¬ 
phire,  we  need  to  trace  its  evolution  from 
this  initial  nucleation  at  low  temperature 
through  the  subsequent  stages  of  the 
meta  lorga  nic-  chemical-vapor-  deposition 
(MOCVD)  growth  process. 

The  growth  sequence  used  in  our  work 
was  based  on  the  previous  work  of  Hira¬ 
matsu5  and  Nakamura,10  and  begins  by 
the  growth  of  a  GaN  buffer  at  a  low  tem¬ 
perature  in  the  range  of  480-600°C  (Fig¬ 
ure  2).  The  growth  is  then  stopped  while 
the  substrate  temperature  is  raised  to  the 
main  growth  temperature  of  1025°C  un¬ 
der  an  ammonia  flow  and  is  allowed  to 
stabilize  at  this  temperature.  The  dura¬ 
tion  of  this  temperature-ramping  and 
stabilization  cycle  is  typically  10  min. 
However  as  shown  in  the  following  dis¬ 
cussion,  this  ramp  duration  is  an  impor¬ 
tant  parameter  for  obtaining  optimum 
GaN  quality.  The  growth  is  then  re¬ 
started,  and  the  main  GaN  epilayers  are 
grown  at  1025°C  and  at  a  chamber  pres¬ 
sure  of  100  Torr. 


GaN  Nucleation  on  Sapphire 

Atomic-force-microscopy  (AFM) 
images  of  nominally  200-A-thick,  low- 
temperature  GaN  buffer  layers  in  their 
as-deposited  state  are  displayed  in  Fig¬ 
ure  3  for  two  deposition  temperatures. 
Figure  3a  is  a  buffer  grown  at  550°C  and 
shows  the  columnar  or  "island"  growth 
habit  previously  observed  by  Hiramatsu 
et  al.5  for  AIN  buffers.  The  islands  are 
less  well-developed  when  the  buffer  is 
grown  at  a  lower  temperature  of  480°C 
(Figure  3b),  indicating  that  surface  kinet¬ 
ics  play  an  important  role  in  the  buffer 
morphology. 

Island  (Volmer-Weber)  growth  is  fre¬ 
quently  observed  when  a  thin  film  of  a 
heterogeneous  material  with  a  different 
lattice  parameter  and/or  a  different  crys¬ 
tal  structure  is  deposited11  onto  a  crystal¬ 
line  substrate.  When  there  is  a  large 
difference  in  crystal  structure  or  lattice 
parameter,  a  two-dimensional,  thin  film 
will  contain  a  high  concentration  of  un¬ 
satisfied  bonds  per  unit  area  and  a  high 
surface  energy.  The  overall  free  energy 
of  the  system  can  therefore  be  lowered 
(and  the  number  of  unsatisfied  bonds 
reduced)  if  the  thin  film  can  reorder  it¬ 
self  into  coherent  three-dimensional 
(3D)  islands.  Both  GaN  and  sapphire  are 
nominally  hexagonal-close-packed  (hep) 
structures  (sapphire  has  a  slightly  dis¬ 
torted  hep  structure),  but  they  have 
very  different  lattice  parameters  («Ga n  * 
3.189  A,  q  AI2O3 5=5  4.758  A,  cGaN  =  5.185  A, 
Cai2o3  =  12.991  A).  Furthermore  several 
groups  including  ours5-7  have  shown  that 
while  the  sapphire  and  epitaxial  GaN 
[0001]  crystal  orientations  are  parallel, 
the  unit  cell  of  the  GaN  is  rotated  by  30° 
about  the  c-axis  with  respect  to  the  sap¬ 
phire  unit  cell  (i.e.,  the  [lTOO]  GaN  direc¬ 
tion  is  parallel  to  the  [1210]  sapphire  di¬ 
rection).  Given  these  significant 


differences,  it  is  not  surprising  that  an 
"island"  type  of  reordering  (Volmer-We¬ 
ber  growth)  is  observed  in  this  material 
system. 

Figure  4  shows  AFM  measurements 
on  these  buffer  layers  after  the  tempera¬ 
ture  was  ramped  to  the  main  growth 
temperature  of  1025°C.  Clearly  there  is 
further  rearrangement  of  the  buffer  ma¬ 
terial  during  this  ramping  period.  Com¬ 
pared  to  the  480°C  buffer,  the  550°C 
buffer  (Figure  4a)  shows  larger  well- 
developed  islands  that  are  approximately 
200-300-A  high.  The  480°C  buffer  (Fig¬ 
ure  4b)  is  also  modified  by  the  anneal  but 
retains  a  much  smoother  morphology  af¬ 
ter  ramping  with  a  typical  peak-to-valley 
roughness  of  —100  A.  The  morphology  of 
the  buffer  layer  after  ramping  continues 
to  reflect  its  as-deposited  state.  This  sug¬ 
gests  that  the  kinetic  barriers  to  surface 
diffusion  and  the  rearrangement  of  the 
thin  film  into  islands  are  significant  at 
the  low  temperatures  used  for  growth  of 
the  buffer  layer. 

Using  modern  x-ray-diffraction  (XRD) 
equipment,  it  is  possible  to  measure  the 
crystallinity  of  these  thin  buffer  layers. 
Such  measurements  for  the  GaN  (0002) 
reflection  reveal  broad  x-ray  rocking- 
curve  peaks  (Figure  5a)  that  are  a  convo¬ 
lution  of  two  components.  At  lower 
intensity,  there  is  a  broad  peak  with  a 
full  width  half  maximum  (FWHM)  of 
approximately  1-2  degrees.  Extensive 
broadening  of  the  XRD  peak  is  antici¬ 
pated  due  to  the  small  thickness  of  the 
buffer  layer.  However  the  width  of  this 
broad  low-intensity  component  is  consis¬ 
tent  with  high-resolution  cross-sectional 
TEM  observations  of  Qian  et  al.,8  who 
found  that  the  buffer-layer  nuclei  or  "is¬ 
lands"  were  misoriented  by  up  to  3  de¬ 
grees.  At  the  center  of  this  broad  peak 
(Figure  5a)  is  a  narrow,  higher  intensity 
peak,  indicating  a  preferred  orientation 
among  the  polycrystalline  islands. 

Figure  5b  shows  the  integrated  inten¬ 
sity  under  the  full  (0002)  XRD  peak  as  a 
function  of  the  buffer- layer  deposition 
rate.  At  a  low  deposition  rate,  more  of  the 
buffer  material  is  crystalline  and  there¬ 
fore  contributes  to  the  XRD  peak  inten¬ 
sity.  For  higher  growth  rates,  the  area 
under  the  full  XRD  peak  decreases,  indi¬ 
cating  that  more  of  the  buffer  material  is 
deposited  in  an  amorphous  state  or  in 
polycrystalline  grains  that  are  grossly 
misoriented. 

The  AFM  images  of  Figure  6  reveal 
that  larger  nuclei  or  "islands"  are  formed 
at  the  lower  buffer  growth  rate.  This  is 
consistent  with  a  kinetically  limited  is¬ 
land  or  Volmer-Weber  growth  where  a 
lower  growth  rate  and  a  higher  tempera- 
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Figure  3.  Atomic -force’ microscopy  (AFM)  measurements  on  buffer  layers  grown  at  (a)  550°C  and  (b)  480°C.  Each  image 
represents  a  0.5  pm  x  0.5  pm  area  of  the  sample. 


Figure  4.  Atomic -force -microscopy  measurements  on  buffer  layers  annealed  for  20  min  during  ramp  to  main  growth  temperature, 
(a)  Buffer  initially  grown  at  550°C.  (b)  Buffer  initially  grown  at  480°C.  (Images  are  at  the  same  scale  as  those  in  Figure  3.) 


ture  will  both  increase  the  size  of  the 
3D  islands.12 

Ramping  to  Higher 
Growth  Temperature 

After  deposition  of  the  buffer  layer,  the 
sample  is  ramped  to  the  higher  growth 
temperature  where  the  main  device 
structure  is  grown.  Annealing  occurs 
during  this  ramping,  and  this  further 
modifies  the  crystallinity  of  the  buffer  as 
reported  by  Wickenden.13  A  series  of  GaN 
buffer- layer  samples  were  subjected  to 
different  ramp  anneal  durations  between 
0  and  20  min.  These  samples  were  then 
removed  from  the  reactor  for  XRD  and 
AFM  characterization.  (Wickenden12 
showed  that  anneal  times  greater  than 
20  min  led  to  degradation  of  the  mor¬ 
phology  and  crystalline  quality  of  the 
GaN  buffer  layers.)  Figure  7  combines 
AFM  and  XRD  data  for  as-grown  (zero 
ramp  duration)  and  ramp-annealed  GaN 
buffers  on  c-plane  sapphire  substrates. 


a 


Omega  (degrees) 


Figure  5.  (a)  “ Double ”  x-ray-diffraction  (XFID)  peak  showing  a  broad  low-intensity 
peak  that  is  topped  by  a  narrow  high -intensity  peak  indicating  a  preferred  orientation 
among  the  buffer  “islands.  ”  (b)  Integrated  peak  intensity  versus  growth  rate  showing 
that  a  higher  fraction  of  the  buffer  material  is  crystalline  (rather  than  amorphous) 
when  the  buffer  is  grown  more  slowly. 
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Figure  6.  Atomc-force-microscopy  images  of  GaN  buffer  layers  on  c-sapphire 
Surface  area  scanned  is  0.4  fxm  x  0.4  p.m  in  each  case.  Lighter  regions  correspond 
to  raised  surface  features,  (a)  Growth  rate  at  30  A/min.  (b)  Growth  rate  at  70  A/min 


The  AFM  images  show  that  the  island 
size  increases  with  the  ramp  duration. 
Furthermore  the  XRD  measurements 
show  the  narrow  high-intensity  peak 
component  growing  at  the  expense  of  the 
lower  intensity,  broader  part  of  the  peak. 
This  indicates  that  as  annealing  proceeds, 
larger  islands  that  are  more  closely  ori¬ 
ented,  are  forming. 

These  measurements  show  that  the 
GaN  buffer  layers  consist  initially  of  a 
dense  array  of  growth  islands  (similar  to. 
the  AIN  buffer  layers  reported  by  Hira- 
matsu  et  al.5)  whose  size  and  crystal¬ 
linity  are  limited  by  surface  kinetics  and 
are  controlled  by  deposition  parameters 
including  temperature,  flux,  and  ramp 
duration.  Other  growth  parameters  that 
affect  surface  diffusion  (e.g.,  substrate 
polarity)  are  also  anticipated  to  influence 
the  structure  of  the  buffer  layer  and  are 
under  investigation  r 
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t/?p  XRD  (°°?2)  peafcs  for  GaN  bufter  layers  on  c‘P,ane  sapphire  for  different  ramp  anneal  times. 

M  ,Vonm  m  6aCh  Case'  With  l>9hter  re9'ons  corresponding  to  higher  surface  features,  (a)  No  ramp 
(as-deposited),  (b)  10-min  ramp,  (c)  20-mm  ramp.  F 
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Correlation  of  Buffer  and 
Thick  Layers 

The  influence  of  the  buffer  layer  is 
readily  observed  in  the  surface  morphol- 
ogy  of  the  main  GaN  epilayer.  When  the 
buffer  layer  is  absent  or  is  grown  far 
from  optimum  conditions,  the  subse¬ 
quently  grown  GaN  epilayer  is  generally 
milky-white  in  appearance,  is  opaque, 
and  has  a  rough  surface.10'14  Such  mate¬ 
rial  can  be  highly  polycrystallme,  as  in¬ 
dicated  by  a  very  broad  (0002)  peak  in  an 
x-ray  rocking-curve  measurement.  In 
contrast,  specular,  thick  GaN  films  can 
be  obtained  after  optimizing  the  buffer 
deposition  conditions  (thickness,  growth 
temperature,  growth  rate,  and  ramp  du¬ 
ration),  and  the  conditions  (temperature, 
V/III  ratio)  for  growth  at  the  higher 
temperature.13  , 

The  critical  importance  of  the  buffer 
layer  is  further  illustrated  in  Table  I, 
which  lists  the  FWHM  of  the  (0002)  XRD 
peak  for  5-pm-thick  GaN  epilayers 
grown  on  buffer  layers  deposited  at  dif¬ 
ferent  rates.  These  data  show  a  direct  cor¬ 
relation  between  the  crystallinity  of  the 
buffer  layer  and  the  crystallinity  of  5-p.m 
GaN  films  grown  on  top  of  these  buffer 

layers.  ,  , 

To  understand  the  full  implications  of 
the  data  of  Table  I,  it  is  important  that  we 
clarify  the  origin  of  FWHM  broadening 
for  XRD  peaks.  High-resolution  XRD 
can  discriminate  between  broadening  of 
an  x-ray  peak  due  to  strain  (a  range  of 
crystal  plane  spacing)  and  broadening 
due  to  mosaicity  (a  range  of  misorienta- 
tion  for  a  particular  set  of  crystal  planes). 
In  the  context  of  GaN,  this  distinction  is 
vital  as  it  reveals  important  information 
about  the  microstructure.  Figures  8a  and 
8b  plot  the  separate  contributions  to 
broadening  made  by  mosaicity  and 
strain  for  the  GaN  (0002)  XRD  peak,  and 
for  epilayers  of  different  thicknesses. 
Mosaicity  broadening  is  dominant 
throughout  the  complete  range  of  layer 
thickness.  Also  the  mosaicity  broaden¬ 
ing  decreases  with  increasing  layer 
thickness.  Thus  the  trend  observed  dur¬ 
ing  buffer-layer  annealing  (Figure  7), 
where  the  relative  tilt  of  the  [0001]  crystal 
directions  of  the  different  islands  de¬ 
creases  as  the  growth  proceeds,  contin¬ 
ues  to  operate  even  after  several  microns 
of  GaN  growth  have  occurred.  Strain 
broadening  (Figure  8b)  for  these  layers 
remains  small  at  between  18  and  33  arc 
seconds,  indicating  a  high  crystal  quality 
within  each  island  or  crystal  grain.  Thus 
the  GaN  epilayer  appears  to  be  well- 
relaxed,  in  agreement  with  the  observa¬ 
tions  by  Ponce  et  al.15  Furthermore  the 
constant  value  of  strain  broadening 


Table  l:  Full  Width  Half  Maximum  (FWHM)  of  the  GaN  Epilyer  (0002) 
X-Ray-Diffraction  (XRD)  Peak  for  Several  Values  of  Buffer-Layer 
Deposition  Rate. _ 

FWHM  of  5-jnm  GaN  Epilayer  (0002) 

Buffer  Growth  Rate  (A/min)  XRD  Peak  (arc  sec) 

30  180 


demonstrated  by  Figure  8b  is  also  ex¬ 
pected  from  the  work  of  Qian  et  al.8  They 
proposed  that  the  lack  of  an  inclined  slip 
plane  in  GaN  grown  on  [0001]  sapphire 
will  preclude  the  elimination  of  disloca¬ 
tions,  and  the  dislocation  density  will 
therefore  remain  unchanged  as  the  layer 
thickness  increases. 

Similar  results  are  found  for  the  asym¬ 
metric  (1122)  reflections  shown  in  Fig¬ 
ures  9  and  10.  Figure  9  plots  strain  broad¬ 
ening  (vertical  axis)  versus  mosaicity 
broadening  (horizontal  axis)  for  a  6-^m 
GaN  epilayer  in  a  "reciprocal  space 
map."  Again  mosaicity  is  the  dominant 
cause  of  broadening,  having  a  FWHM 
value  (width  at  the  "max/2"  contour)  of 


0.14  degrees  compared  to  the  strain- 
broadening  value  of  0.03  degrees  for  this 
(1122)  reflection.  This  means  that  the 
polycrystalline  grains  are  twisted  with 
respect  to  one  another  as  well  as  tilted. 

The  strain-broadening  contribution 
shown  in  Figure  9  is  higher  (—100  arc- 
seconds)  than  the  value  of  18  arcseconds 
observed  for  the  (0002)  planes.  This  dif¬ 
ference  is  expected  as  the  strain  broad¬ 
ening  associated  with  the  inclined  (1122) 
planes  will  be  influenced  by  all  of  the 
dislocations  within  the  epilayer.  Strain 
broadening  associated  with  the  (0001) 
planes  will  not  be  influenced  by  the  [0001] 
oriented  edge  dislocations  (which  are  by 
far  the  most  numerous)  as  their  Burgers 
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Figure  8.  Contributions  to  broadening  of  the  (0002)  XRD  peak  made  by 
(a)  mosaicity  and  (b)  strain. 


Figure  9.  Reciprocal  space  map  (strain  versus  mosaicity)  for  (1122)  asymmetric 


reflection. 
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Thickness  of  GaN  Epilayer  (pm) 


Figure  10.  Variation  of  full  width  half 
maximum  with  layer  thickness  for 
asymmetric  (1122)  reflection. 


vector  lies  in  the  basal  (0001)  plane.16 

Figure  10  plots  the  FWHM  value  of  the 
peak  intensity  (mosaicity)  for  the  (1122) 
asymmetric  reflection  as  a  function  of 
layer  thickness.  Again  we  observe  a  de¬ 
creasing  mosaicity  with  increasing  layer 
thickness.  Taken  in  conjunction  with 
Figure  8a,  this  means  that  as  the  layer 
thickness  increases  the  range  of  "tilt"  and 
"twist"  in  the  polycrystals  decreases — 
that  is,  the  crystal  grains  become  more 
closely  aligned  as  the  film  thickness 
increases. 

Microstructure  Model 

From  these  measurements  we  con¬ 
clude  that  the  initial  stage  of  GaN 
growth  on  sapphire  is  described  by  the 
original  model  credited  to  Hiramatsu 
et  al.,5  where  the  buffer  layer  nucleates  as 
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Figure  11.  Ordered  polycrystalline  microstructure  of  GaN  on  sapphire,  (a)  Side  view 
showing  relative  “tilt"  of  (0001)  directions Jpetween  crystal  grains,  (b)  Plan  view 
showing  relative  “twist”  of  polycrystal  (112n)  directions.  Dislocations  mainly  originate 
at  the  grain  boundaries. 
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Figure  12.  The  band  structure  of  r\ -type  polysilicon. 


discrete  "islands"  or  columns.  This  be¬ 
havior  is  essentially  Volmer-Weber 
growth  (as  expected  because  of  the  large 
lattice  mismatch  between  GaN  and  sap¬ 
phire),  but  in  a  temperature  regime 
where  surface  kinetics  also  play  an  im¬ 
portant  role.  X-ray-diffraction  measure¬ 
ments  show  that  as  growth  proceeds, 
these  polycrystalline  islands  or  grains 
grow  and  a  preferred  orientation  emerges 
among  them.  For  thick  GaN  layers,  large 
values  of  mosaicity  are  measured  for  the 
symmetric  [0001]  and  asymmetric  (1122) 
reflections,  indicating  that  even  though 
the  polycrystals  have  coalesced  and  a 
continuous  specular  film  has  been  ob¬ 
tained,  the  film  remains  an  ordered 
polycrystal  and  does  not  become  a  single 
crystal  (Figure  11).  The  relative  "tilt"  and 
"twist"  between  these  polycrystals  de¬ 
creases  as  the  layer  thickness  increases, 
showing  that  the  film  continues  to  evolve 
toward  a  more  ordered  structure  as 
growth  proceeds.  The  grain  boundaries 
remain  the  primary  defected  regions  of 
the  epilayer.  When  the  dislocation  den¬ 
sity  has  stabilized  (after  several  thou¬ 
sands  of  angstroms  of  growth5),  the 
remaining  dislocations  are  mainly  clus¬ 
tered  at  the  grain  boundaries  between 
polycrystals.8  The  small  value  of  strain 
broadening  observed  for  the  (0002)  and 
(1122)  reflections  indicates  that  within 
each  GaN  polycrystal  grain,  the  crystal 
quality  is  high. 

The  Influence  of  GaN 
Microstructure  on  Optical  and 
Electrical  Properties 

We  have  determined  that  GaN  on  sap¬ 
phire  is  an  ordered  polycrystal  com¬ 
posed  of  high-quality  polycrystalline 
grains  that  are  misoriented  (tilted  and 
twisted)  with  respect  to  each  other.  The 
grain  boundaries  are  the  primary  loca¬ 
tions  for  dislocations  and  other  defects. 
Armed  with  this  knowledge,  we  can 
address  our  initial  question:  "Are  dislo¬ 
cations  benign  in  GaN?"  While  the  fol¬ 
lowing  ideas  are  speculative  and  require 
further  verification,  we  offer  them  to  the 
community  as  a  basis  for  discussion. 

To  understand  the  unusual  optical  and 
electrical  properties  of  GaN  on  sapphire, 
we  believe  it  is  instructive  to  examine  a 
more  well-known  polycrystal,  polysili¬ 
con.  In  poly-Si,  the  grain  boundary  can 
be  modeled17  as  a  thin  region  of  lower 
conductivity  that  contains  localized 
energy  states  and  deforms  the  band 
structure  as  shown  in  Figure  12.  Such 
band -bending  will  tend  to  localize  elec¬ 
trons  within  the  crystallites  and  away 
from  the  grain  boundaries.  If  the  poly¬ 
crystalline  structure  of  GaN  were  to  ex- 
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hibit  a  similar  band  structure,  then  the 
localization  of  free  electrons  (coupled 
with  the  short  diffusion  length  for  holes) 
would  tend  to  localize  recombination 
events  within  the  polycrystal  grains— 
that  is,  in  the  high-quality  region  of  the 
crystal.  Spatially  resolved  cathodolu- 
minescence  measurements  by  Ponce 
et  al.18  suggest  that  part  of  the  yellow 
(2.2  eV)  emission  is  associated  with  the 
grain-boundary  regions  of  the  GaN 
polycrystal.  Furthermore  they  show  a 
significantly  reduced  intensity  of  the  yel¬ 
low  emission  in  a  sample  that  has  larger 
polycrystal  grains,  indicating  that  there 
is  some  localization  of  carriers  within  the 
polycrystal  grains.  The  localization  of 
carriers  within  the  grains  and  away  from 
the  main  clusters  of  dislocations,  which 
are  at  the  grain  boundaries,  might  ex¬ 
plain  the  insensitivity  of  recombination 
events  to  dislocations  in  GaN. 

Continuing  this  speculation,  we  would 
anticipate  a  significant  difference  be¬ 
tween  vertical  carrier  transport,  where  an 
uninterrupted  vertical  conduction  path 
exists  within  single  high-quality  grains, 
and  lateral  carrier  transport,  where  carri¬ 
ers  musbtraverse  grain  boundaries  either 
by  "hopping"  between  localized  states  or 
by  tunneling  (Figure  13). 

At  higher  doping  levels,  the  width  of 
the  depletion  regions  associated  with 
band-bending  will  be  reduced  and  lat¬ 
eral  transport  across  the  grain  boundary 
will  be  easier.  In  poly- Si  this  effect  ap¬ 
pears  as  a  mobility  "edge,"  where  the 
carrier  mobility  rapidly  increases  at  some 
critical  value  of  doping16  at  which  the  ef¬ 
fect  of  the  grain-boundary  depletion  re¬ 
gions  becomes  minimal.  Figures  14a  and 
14b  plot  the  resistivity  and  mobility  of 
GaN,  respectively,  each  as  a  function  of 
doping  concentration.  Gallium  nitride 
also  exhibits  a  strong  mobility  "edge," 
with  the  mobility  decreasing  rapidly  be¬ 
low  a  doping  concentration  of  1017  cm  3, 
lending  support  to  the  suggestion  that 
the  band  structure  of  polycrystalline 
GaN  is  similar  to  that  of  poly-Si. 

Conclusions 

We  have  shown  that  GaN  on  sapphire 
adopts  a  Volmer-Weber  or  "island" 
growth  habit  from  the  outset  due  to  the 
large  mismatch  strain  between  these  ma¬ 
terials.  This  reorganization  of  the  de¬ 
posited  material  is  generically  similar  to 
other  ordering  processes,  in  that  it  results 
from  the  system  reorganizing  to  mini¬ 
mize  the  total  free  energy.  As  growth 
proceeds,  these  polycrystalline  islands 
grow  in  size  and  become  more  closely 
aligned.  However  the  final  (thick)  epi- 
layer  remains  an  ordered  poycrystalline 
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Figure  13.  Vertical  and  lateral  carrier  transport  within  polycrystalline  GaN. 


Figure  14.  Plots  ofn-type  GaN  (a)  resistivity  and  (b)  mobility  plots  as  a  function  of 
dopina  concentration. 


material  composed  of  high-quality  poly¬ 
crystalline  grains  that  are  misoriented 
(tilted  and  twisted)  with  respect  to  each 
other.  We  suggest  that  the  band  struc¬ 
ture  of  polycrystalline  GaN  may  be  simi¬ 
lar  to  that  of  polysilicon.  This  could 
explain  the  high  efficiency  of  GaN  LEDs 
despite  the  presence  of  a  significant  dis¬ 
location  density,  because  band-bending 
would  localize  carrier  recombination  away 
from  grain-boundary  defected  regions. 
The  observation  of  a  mobility  "edge"  in 
GaN  lends  further  support  to  this  sug¬ 
gestion.  Understanding  the  detailed  role 
of  microstructure  in  controlling  the  opti¬ 
cal  and  electrical  properties  of  GaN  re¬ 
mains  a  critical  issue  to  the  advance  of 
GaN  as  a  new  semiconductor  for  op¬ 
toelectronic  and  electronic  applications. 
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Stability  and  Interface  Abruptness  of  I^Ga^N/ln  Ga,  N 
Multiple  Quantum  Well  Structures  Grown  by  OMVPE 

J.C.  RAMER,  D.  ZUBIA,  G.  LIU,  and  S.D.  HERSEE 

Center  for  High  Technology  Materials,  University  of  New  Mexico, 

Albuquerque,  NM  87106 

The  abruptness  of  hetero-interfaces  in  InGaN  multiple  quantum  well  structures 
is  shown  to  degrade  when  a  high  temperature  growth  follows  growth  of  the 
multiple  quantum  well  (MQW)  region,  as  is  generally  required  for  the  growth  of 
full  device  structures.  We  have  analyzed  MQW  samples  both  with  and  without 
high  temperature  GaN  “cap”  layers,  using  x-ray  diffraction  (XRD),  grazing 
incidence  x-ray  reflection  (GIXR),  and  photoluminescence.  While  all  of  these 
techniques  indicate  a  degradation  of  the  MQW  structure  when  it  is  followed  by 
growth  at  high  temperature,  GIXR  is  shown  to  be  especially  sensitive  to  changes 
ofheterointerface  abruptness.  GIXR  measurements  indicate  thatthe  heterojunc¬ 
tions  are  less  abrupt  in  samples  that  have  high  temperature  cap  layers,  as 
compared  to  samples  with  no  cap  layer.  Furthermore,  the  degree  of  roughening 
is  found  to  increase  with  the  duration  of  growth  of  the  high  temperature  cap 
layer.  The  degradation  of  the  heterointerfaces  is  also  accompanied  by  a  reduction 
in  the  intensity  of  satellite  peaks  in  the  x-ray  diffraction  spectrum. 

Key  words:  Grazing  incidence  x-ray  reflectivity  (GIXR),  InGaN  quantum 

wells,  metalorganic  chemical  vapor  deposition  (MOCVD),  x-ray 
diffraction  (XRD) 


INTRODUCTION 

During  the  last  year,  Nakamura  et  al.  have  an¬ 
nounced  the  continuous  wave  (CW)  operation  of  elec¬ 
trically  injected,  Ill-nitride  based  lasers.1  The  active 
region  of  these  CW  devices  and  of  earlier  pulsed  laser 
diodes2*-4  consists  of  an  In0^0Ga0  goN/I^  05Ga0  95N  mul¬ 
tiple  quantum  well  (MQW)  structure  containing  be¬ 
tween  three  and  ten  quantum  wells.  For  these  lasers 
and  for  MQW  devices  in  general,  it  is  necessary  to 
grow  AlGaN  and  GaN  at  high  temperature  subse¬ 
quent  to  the  growth  of  the  MQW  region.  The  stability 
of  the  MQW  InGaN  layers  dining  this  high  tempera¬ 
ture  growth  is  therefore  expected  to  be  an  important 
factor  in  the  performance  and  reproducibility  of  these 
devices.  Thompson  et  al.5  have  reported  an  apparent 
instability  when  very  thin  (~25A)  InGaN  single  wells 
were  exposed  to  the  metalorganic  chemical  vapor 
deposition  (MOCVD)  reaction  chamber  ambient  dur¬ 
ing  ramping  to  the  higher  growth  temperature.  This 
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work  examines  the  stability  of  InGaN  MQW  struc¬ 
tures  and  in  particular  interface  abruptness  when 
high  temperature  cap  layers  of  varying  duration  are 
grown  after  the  MQW  region. 

EXPERIMENTAL  PROCEDURES 

Samples  used  in  this  study  were  grown  at  low 
pressure  (100  Torr),  in  a  horizontal  metalorganic 
vapor  phase  epitaxy  (MOVPE)  reactor.  Purified 
and  N2  were  used  as  carrier  gases  along  with 
trimethylgallium  t(CH3)3Ga],  trimethylindium 
[(CH3)3In],  trimethylaluminum  [(CH3)gAl],  and  am¬ 
monia  [NHg]  source  gases.  Nominally  [0001]  oriented 
two  inch  sapphire  wafers  (Union  Carbide)  were  used 
and  these  were  cleaned  ex-situ  by  a  5  min  wash  in  a 
warm  solution  of  HC1:H202:H20  1:1:4.  After  loading, 
the  samples  were  further  cleaned  by  a  10  min  bake 
under  hydrogen  at  1100°C.  Growth  was  initiated  at 
480°C  by  deposition  of  a  250A  thick  GaN  buffer  layer. 
The  reactor  temperature  was  then  raised  to  1040°C 
where  a  3  pm  thick  undoped  GaN  layer  was  grown. 
This  served  as  the  starting  point  for  all  of  the 
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Fig.  1.  Example  layer  structure  for  capped  InGaN  MQW  samples. 
Uncapped  samples  are  terminated  with  a  Ir^Ga^N  layer. 


Fig.  2.  (002)  ca/20  x-ray  diffraction  spectra  for  uncapped  InGaN  MQW 
samples. 


MQWstructures  grown  in  this  study.  The  InGaN 
layers  comprising  the  MQW  region  were  grown  at 
lower  reactor  temperatures,  between  750  to  840°C.  In 
these  growths,  the  InN  mole  fraction  was  controlled 
by  the  growth  temperature  and  the  flow  rates  ofTMIn 
and  TMGa.  The  MQW  region  consisted  of  Ii^ >08Ga0j97N 
barrier  layers  and  In0  jgGao^N  well  layers  that  were 
grown  at  a  rate  of  25  and  lOA/min,  respectively. 
(Growth  rates  were  extrapolated  from  calibrations  on 
thicker  InGaN  layers,  and  were  consistent  with  the 
actual  thickness  of  the  layers  in  the  MQW  samples,  as 
later  determined  by  grazing  incidence  x-ray  reflectivity 
(GIXR)  measurements.) 

A  series  of  MQW  samples  were  grown,  some  with 
and  some  without  high  temperature  growth  of  GaN 
after  the  MQW  region  (Fig.  1).  The  samples  with  no 
high  temperature  cap  layer  were  simply  terminated 
with  a  lB0.Q3GaQ.g7N  barrier  layer  and  cooled  under 
NHgand  N2.  The  samples  with  cap  layers,  were  rap¬ 
idly  ramped  up  in  temperature  to  1040°C,  and  held  at 
this  temperature  for  several  minutes  while  growing  a 
thin  GaN  cap  layer.  The  thickness  of  the  GaN  cap 
layer  was  kept  below  1000A  so  that  the  GIXR  mea¬ 
surement  would  be  sensitive  to  the  underlying  inter¬ 
faces  in  the  InGaN  MQW. 


Fig.  3.  Grazing  incidence  x-ray  reflectivity  spectra  for  an  uncapped 
five-period  30A  well/60A  barrier  InGaN  MQW  structure.  The  simula¬ 
tion  shown  assumes  ideally  abrupt  interfaces  and  weli/barrier  di¬ 
mensions  of  28  and  62A,  respectively. 


X-ray  diffraction  (XRD)  and  GIXR  data  were  col¬ 
lected  on  a  Philips  MRD  diffractometer  with  the 
Bartels  monochromator  in  the  4  bounce  (220)  geom¬ 
etry.  A  100  pm  detector  slit  was  used  for  the  GIXR 
scans  in  order  to  minimize  the  effect  of  the  diffuse 
scatter  and  sample  curvature  on  the  collected  data. 

Analytical  simulations  of  the  GIXR  data  were  per¬ 
formed  with  the  commercial  software  package  *TC- 
GIXA”  (Philips  Analytical  X-ray  Division).  This  simu¬ 
lation  is  based  on  Maxwell’s  equations  as  applied  to 
reflection  and  transmission  from  planar  interfaces. 
The  simulation  is  valid  for  any  material,  regardless  of 
its  crystal  structure  or  microstructural  quality,  and 
relies  only  on  the  index  of  refraction  and  thickness  of 
the  various  materials  within  the  structure.  The  simu¬ 
lation  does  not  account  for  curvature  of  the  sample, 
which  for  GaN  on  sapphire  samples  is  a  significant 
issue.  For  example,  the  radius  of  curvature  of  a  3.0  pm 
thick  undoped  GaN  on  sapphire  sample  is  15-18  m  (as 
measured  by  XRD).  The  effects  of  sample  curvature 
can  be  minimized  by  reducing  the  surface  area  exam¬ 
ined  during  the  GIXR  measurement,  however,  the 
residual  sample  curvature  was  found  to  have  a  notice¬ 
able  smoothing  effect  on  the  low  angle  features  (just 
beyond  the  critical  angle)  of  the  GIXR  data. 

RESULTS 

InGaN  MQW  Structures  with  No  Cap  Layer 

co/20  x-ray  diffraction  scans  were  performed  on  two 
samples  with  the  following  InGaN  MQW  structures: 
Sample  1:  five-period  30A  well/60A  barrier,  and 
Sample  2:  ten  period  20A  well/40A  barrier.  Both 
samples  were  grown  on  3.0  pm  thick  GaN  layers  as 
described  above.  The  XRD  scans  are  shown  in  Fig.  2. 
The  angular  separation  of  adjacent  satellite  peaks  is 
related  to  the  period  (D)  of  the  superlattice  structure 
by 
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D  =  (L  -  LpU2  (Sin  (0.)  -  Sin  (0.)]  (1) 

where,  Ld  and  h.  are  satellite  diffraction  order  indices, 
and  0d  and  Q.  correspond  to  the  Bragg  angles  of  satel¬ 
lite  L.  andL.  As  shown  in  Fig.  2,  a  smaller  superlattice 
period  leads  to  a  larger  angular  separation  between 
satellite  peaks.  Thec  superlattice  periods  calculate^ 
using  Eg.  (1),  are  92A  for  sample  1  (design  value  90A) 
and  58A  for  sample  2  (design  value  60A),  showing 
good  agreement  between  designed  and  measured 
values.  Close  examination  of  Fig.  2  also  reveals  that 
on  the  five-period  sample  there  are  fringes  between 
the  satellite  peaks.  The  periodicity  of  these  finer 
fringes  corresponds  to  the  total  thickness  of  the  InGaN 
MQW  region.  Such  fringes  were  not  visible  in  the  ten- 
period  structure  because  the  total  thickness  of  the 
MQW  region  was  too  large  (and  therefore  the  fringe 
spacing  was  too  small)  to  be  able  to  be  resolved  with 
the  detector  resolution  used  in  these  scans. 

GIXR  was  also  used  to  characterize  these  samples. 
This  technique,  as  the  name  implies,  uses  a  grazing 
incidence  x-ray  beam  to  study  the  specular  reflectivity 
of  the  structure  as  a  function  of  incident  angle,  for 
angles  above  the  critical  angle  for  total  external 
reflection.  GIXR  is  analogous  to  optical  reflectivity 
and  interference  between  reflected  beams  modulates 
the  reflected  signal  and  can  easily  be  related  to  layer 
thicknesses  within  the  structure.7  The  strength  of 
these  spectral  features  is  proportional  to  the  differ¬ 
ence  in  the  index  of  refraction  (at  x-ray  wavelength)  at 
the  heterointerfaces,  which  for  the  In0  ^Gao  82N  quan¬ 
tum  wells  and  In^gGa^jN  barrier  layers  is  quite 
small.  However,  these  features  are  distinguishable  in 
our  GIXR  plots.  Because  of  its  grazing  incidence  and 
short  wavelength,  GIXR  is  also  extremely  sensitive  to 
surface  and  heterointerface  roughness. 

The  GIXR  spectrum  for  sample  1  (five-period  30A 
well/60  A  barrier,  no  cap  layer)  is  shown  in  Fig.  3.  A 
simulated  spectrum,  assuming  perfectly  abrupt 
heterointerfaces  (0 .oA  root  mean  square  [RMS]  rough- 


Fig.  4.  Room  temperature  PL  from  two  uncapped  InGaN  MQW 
samples.  Peak  positions  and  FWHM  values  for  the  samples  are  412, 
14, 426,  and  16  nm,  respectively. 


ness)  is  also  shown.  The  agreement  between  the 
measured  and  simulated  spectra  is  excellent  indicat¬ 
ing  that  the  heterointerfaces  are  highly  abrupt  in  this 
sample.  Furthermore,  from  the  periodicity  and  loca¬ 
tion  of  the  mimina  occurring  at  0.55  and  1.1  degrees 
in  this  spectrum  we  confirm  that  the  quantum  well 
and  barrier  layer  thicknesses  are  correct  to  within  one 
monolayer. 

The  room  temperature  photoluminescence  (PL)  is 
shown  in  Fig.  4  for  samples  1  and  2.  The  full  width  at 
half  maximum  (FWHM)  of  the  band  edge  peak  for 
sample  #1  and  #2  are  15  and  14  nm,  respectively.  The 
shorter  bandedge  PL  wavelength  for  the  ten-period 
20A  well/40A  barrier  sample  (#2)  is  assumed  to  be  due 
to  size-quantization  effects  in  the  very  thin  wells  used 
for  this  sample. 
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Fig.  5.  (a)  (002)  co/20  x-ray  diffraction  spectra  from  nominally  identical 
InGaN  MQW  structures  with  different  cap  layers,  and  (b)  (002)  co/20  x- 
ray  diffraction  spectra  for  the  20  min  cap  sample  and  the  uncapped 
sample  shown  on  a  linear  scale. 
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Fig.  6.  (a)  GIXR  spectrum  from  a  five-period  30A  well/60A  barrier  InGaN  MQW  sample  with  4  min  GaN  cap  layer  grown  at  1040°C.  Simulation  #1 
is  computed  assuming  perfect  interfaces,  and  (b)  GIXR  spectrum  from  sample  described  in  Fig.  6a  with  a  simulation  calculated  assuming  12A  RMS 
roughness  at  each  interface  in  the  InGaN  MQW  region.  Such  a  simulation  is  in  much  closer  agreement  with  the  actual  data  than  the  “ideal"  simulation 
of  Fig.  6a. 
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Fig.  7.  GIXR  spectrum  for  a  five-period  30A  well/60A  barrier  InGaN 
MQW  sample  with  20  min  GaN  cap  growth  at  1 040°C.  Along  with  the 
measured  data,  a  simulation  is  included  that  assumes  all  ideal  inter¬ 
faces. 

InGaN  MQW  Structures  with  High 
Temperature  GaN  Cap  Layers 

Samples  containing  the  five-period  30A  well/60A 
barrier  MQW  region  were  also  capped  with  a  GaN 
layer  grown  at  1040°C.  The  thickness  of  the  GaN  cap 
layer  was  kept  below  1000A  in  order  to  maximize  the 
sensitivity  of  the  GIXR  analysis  to  the  underlying 
periodic  InGaN  structure.  After  the  growth  of  the  last 
InGaN  layer  in  the  structure,  the  growth  was  stopped 
for  70  s  while  the  reactor  temperature  was  raised  to 
the  GaN  growth  temperature.  For  sample  #4,  the 
GaN  growth  duration  was  20  min,  giving  800A  of 
GaN.  The  co/20  XRD  scan  from  this  capped  sample  is 
compared  to  the  uncapped  sample  (#1)  in  Figs.  5a  and 
5b.  A  decrease  in  the  satellite  peak  intensities  rela¬ 
tive  to  the  uncapped  sample  is  evident  especially  on 
the  higher  angle  side  of  the  XRD  spectrum. 

Measured  and  simulated  GIXR  spectra  are  shown 


for  the  samples  capped  for  4  min  and  20  min  in  Figs. 
6a,  6b,  and  7.  In  Fig.  6b,  simulation  (II)  assumes  a  12A 
RMS  roughness  at  each  of  the  MQW  interfaces,  and 
correctly  washes  out  the  higher  angle  fringes  while 
still  agreeing  for  the  lower  angle  portion  of  the  scan 
range.  Simulation  (I)  (Fig.  6a)  assumes  zero  rough¬ 
ness  at  each  interface  in  the  sample.  For  sample  #4  as 
shown  in  Fig.  7,  there  was  too  much  roughening  to 
allow  accurate  simulation  of  the  GIXR  spectrum.  A 
simulation  based  on  perfect  (0A  RMS  roughness)  is 
shown  in  Fig.  7  as  a  reference. 

Note  also  that  the  top  surface  of  each  sample,  the 
GaN  cap  layer,  must  be  simulated  using  a  roughness 
of  3-4A  RMS  in  order  to  maintain  agreement  with  the 
high  angle  fall  off  of  the  reflectivity.  The  slope  of  the 
high  angle  portion  of  the  reflectivity  scan  also  has  a 
significant  dependence  on  the  size  of  the  detector 
aperture  used  dining  the  data  acquisition,  indicating 
that  there  is  significant  diffuse  scatter  from  the  sur¬ 
face  of  the  sample  for  these  capped  MQW  structures. 

DISCUSSION  OF  RESULTS 

The  results  presented  above  show  that  uncapped 
InGaN  MQW  structures  can  be  grown  with  good 
control  of  layer  thickness  and  composition  and  that 
they  have  abrupt  heterointerfaces.  When  these 
samples  are  ramped  to  higher  temperature  and  capped 
with  a  GaN  layer,  the  GIXR  data  indicates  that  the 
heterointerfaces  become  rougher.  Furthermore,  XRD 
measurements  indicate  that  the  compositional  pro¬ 
file  of  the  MQW  region  has  changed,  i.e.,  that  the 
MQW  region  is  unstable  at  high  temperature. 

Recent  analyses  using  high  resolution  x-ray  diffrac¬ 
tion  (HRXRD)  on  InGaN/GaNMQW  structures,6  hav¬ 
ing  no  cap  layer  and  containing  InN  mole  fractions  of 
6-9%,  has  shown  these  structures  to  be  coherently 
strained.  No  evidence  of  strain  induced  relaxation 
was  evident  as  shown  by  reciprocal  space  maps  of 
asymmetric  reflections.  We  are  attempting  to  repeat 
these  measurements  for  the  samples  grown  here  with 
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GaN  cap  layers.  As  yet,  we  can  find  no  evidence  that 
strain  induced  creation  of  mismatch  dislocations  is 
causing  the  roughening  observed  in  these  MQW  struc¬ 
tures. 

Recent  work  by  Piner8  et  al .  shows  that  the  presence 
of  hydrogen  during  the  MOVPE  growth  of  InGaN, 
strongly  reduces  the  mole  fraction  of  InN  that  can  be 
incorporated  into  an  InGaN  film.  While  the  physical 
nature  of  this  effect  is  as  yet  undetermined,  we  believe 
that  the  surface  roughening  and  instability  of  the 
InGaN  MQW  region  described  here  may  be  caused  by 
the  same  phenomenon  as  observed  by  Piner  et  al.  A 
simple  calculation  adds  weight  to  this  hypothesis. 
From  the  activation  of  p-type  doping  in  GaN  (where 
approximately  three  microns  of  p-type  GaN  can  be 
activated  in  a  20  min  anneal  at  ~700°C),  we  can 
calculate  a  hydrogen  diffusion  coefficient  of  7.5  E-ll 
cm2/s.  (This  assumes  the  activation  anneal  is  driving 
hydrogen  out  of  the  p-type  layer.) 

Using  this  diffusion  coefficient,  it  would  take  less 
than  1  s  (at  700°C)  for  hydrogen  to  diffuse  completely 
through  our  MQW  region  (total  thickness  ~400A).  So 
whether  the  hydrogen  is  present  during  growth  (as 
discussed  by  Piner  et  al.)  or  after  the  growth  of  the 
MQW  region  (as  described  here),  it  is  reasonable  to 
assume  that  the  phenomenon  observed  by  Piner  et  al. 
is  occurring  in  both  cases.  Piner  et  al.  showed  that  the 
InN  mole  fraction  decreases  with  increasing  hydro¬ 
gen  and  with  increasing  temperature.  As  we  ramp  our 
MQW  samples  to  higher  temperature  (under  an  NH/ 
N2  ambient),  we  therefore  expect  that  the  equilibrium 
value  of  In  in  the  MQW  region  will  fall  and  that  we  will 
lose  indium  from  the  sample  surface.  Segregation  of 
indium  to  the  sample  surface  and  then  into  the  vapor 
would  typically  result  in  the  presence  of  liquid  In  on 
the  surface.  Equilibrium  driven  intermixing  between 
indium  and  the  MQW  region  could  therefore  account 
for  the  heterojunction  roughening  that  we  observe  in 
the  capped  structures  (indium  would  attempt  to  dis¬ 
solve  the  MQW  as  the  sample  temperature  was  low¬ 
ered.  Close  examination  of  the  GIXR  spectra  reveals 
that  an  improved  “fit”  between  the  measured  and 
simulated  spectra  is  obtained  when  a  higher  rough¬ 
ness  value  is  used  for  the  surface  GaN  layer  than 


would  be  expected  for  normal  GaN  on  sapphire.  This 
supports  the  above  hypothesis  that  indium  is  segre¬ 
gating  to  the  sample  surface.  Capping  the  MQW 
region  with  AlGaN  before  raising  the  reactor  tem¬ 
perature,  as  in  Refs.  1-4,  would  also  be  expected  to 
reduce  In  segregation  as  the  AlGaN  chemical  bonding 
is  stronger  than  for  GaN.  We  are  currently  analyzing 
MQW  samples  capped  with  AlGaN  and  preliminary 
XRD  and  GIXR  results  show  an  improved  stability. 

CONCLUSION 

Using  GIXR  andXRD,  we  have  observed  significant 
interface  degradation  in  InGaN  MQW  structures  that 
have  been  capped  by  a  higher  temperature  GaN 
growth.  Using  analytical  GIXR  simulation  software, 
the  acquired  data  is  shown  to  be  consistent  with  MQW 
interface  and  surface  roughening  of  the  sample.  The 
degree  of  the  interface  degradation  is  shown  to  in¬ 
crease  with  time  at  high  temperature.  It  is  suggested 
that  these  results  are  consistent  with  indium  segrega¬ 
tion  and  that  the  phenomenon  observed  by  Piner  et  al. 
may  be  also  be  in  action  here.  Preliminary  data  using 
an  AlGaN  cap  after  the  MQW  region  indicates  a 
reduced  roughening  and  needs  to  be  investigated 
further. 
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